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Abstract 
Rice grain quality is a determinant of rice breeding success. Although several studies have 
independently looked at the different traits of quality to infer the phenotype of the grain, few studies 
have identified the various metabolites that are produced in high quality rice. In recent years, genetic 
markers have proven to be effective in increasing the efficiency of breeding line selection and 
therefore shortening the breeding cycle. In complex traits such as rice grain quality, the availability 
of more specific phenotypes will increase the value of these genetic markers. Many traits of quality 
in rice are associated with starch; however, lipids interact with starch and have been shown to 
influence many of the traits of eating quality and aroma. To identify these new phenotypes and 
understand their genetic basis, using relevant tools that can discriminate between the phenotypes of 
varieties at the metabolite and genetic levels is necessary.  
To identify these new phenotypes, in Chapter 3, a set of 40 Cambodian rice varieties were screened 
for physical and texture-associated traits including apparent amylose content (AAC), gelatinisation 
temperature (GT), gel consistency (GelCon) and pasting properties and then a subset from this set 
was screened for volatile compounds using a two-dimensional gas chromatography-time-of-flight-
mass spectrometer (GC×GC-TOF-MS) and fatty acids (FA) using gas chromatography-mass 
spectrometry (GC-MS). The FA analysis showed that unsaturated FA (UFA) oleic (C18:1n-9) and 
linoleic acid (C18:2n-6) were the most abundant in milled rice grains, followed by palmitic acid 
(C16:0). These results infer about the lipid origin of odour-active volatile compounds, which were 
found to be characterising the group of known fragrant, low amylose and soft-textured rice varieties, 
including the Jasmine-style indica variety Phka Rumduol (PRD). 
To identify the genetic determinants of these important traits of quality, in Chapters 4 and 5, 
quantitative trait loci (QTL) mapping was carried out for the texture and aroma traits in PRD using a 
population of about 300 F6 recombinant-inbred lines (RIL) derived from an intraspecific cross 
between PRD and Thmar Krem (TMK), both of which were identified as the most discriminating 
varieties in Chapter 3. This RIL population was genotyped for single nucleotide polymorphisms 
(SNPs). QTL analysis revealed large-effect QTLs for AAC, GT and all of the pasting properties. 
Candidate genes for these QTLs relate back to the starch biosynthesis pathways. Major QTLs were 
colocalised to the Waxy (Wx) gene and starch synthase IIa (SSIIa) on chromosome 6. Minor QTLs 
on chromosomes 3 and 8 were identified for AAC, SB, PV and HPC, and at chromosomes 4 and 7 
for GT and pasting temperature (PTemp). This chapter has shown that the rice texture is regulated by 
multiple genes and that although correlations do exist among the routinely measured textural traits, 
these correlations may not necessarily translate into the already existing molecular markers. 
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In Chapter 5, QTLs for odour-active volatile compounds and FA were carried out on the RIL 
population. The presence of 2AP and its derivatives significantly characterised the fragrant lines from 
the non-fragrant ones and this was supported by the identification of large-effect QTLs pointing to 
the region of the fragrance gene (FGR). Odour-active and low odour threshold volatile compounds 
that can be derived from the oxidation of UFA were identified as segregating traits in the population 
as supported by the presence of significant SNPs on rice chromosome 6. These volatile compounds 
explain the differences in varieties that cannot be differentiated by the presence or absence of 2AP 
alone. To verify that these volatile compounds can indeed be derived from UFA, the % FA 
composition in the population was also determined. Here, that C18:1n-9, C18:2n-6 and C16:0 were 
the identified as the most abundant FA, coinciding with the results observed in Chapter 3. PRD had 
higher levels of C18:1n-9 and TMK had higher levels of C18:2n-6, a difference which was exhibited 
in a normal distribution across the population. QTL analyses revealed a common QTL on rice 
chromosome 7 explaining the variation in % composition of these two UFA. This QTL encompassed 
the regions where fatty acid biosynthesis genes were located.  
In order to trace back the origins of the most important FAs to their lipid molecule and to screen the 
most abundant lipids in the rice samples, in Chapter 6, rice lipidomics was carried out for the first 
time using a reversed-phase ultra-performance liquid chromatography-tandem mass spectrometry 
(UPLC-MS/MS). Results of this experiment showed that glycerolipids in the form of triacylglycerols 
(TAG) and diacylglycerols (DAG), and glycerophospholipids were the most abundant lipid features 
in milled rice. Statistical analyses showed strong statistical correlations between traits of quality and 
several lipid features, indicating a substantial influence that lipid play in determining rice quality. 
The information in this research will be delivered to rice improvement programs to enable breeders 
to select more accurately for particular traits of quality, and for novel quality traits identified in this 
study.
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 General Introduction 
1.1 Research Overview 
Rice is one of the world’s most valuable crop, cultivated in more than 100 countries and providing 
food to a third of the global population (Yu and Fan, 2011, Calingacion et al., 2014). Rice provides 
21% of global human per capita energy and 15% of per capital protein (International Rice Research 
Institute) and 90% of the world’s production and consumption of rice is in Asia (FAO, 2016). 
Majority of the rice produced is used for direct human consumption (United Nations, 2017). Rice 
belongs to the genus Oryza and has two cultivated species Oryza sativa and Oryza glaberrima and 
22 wild species (Kumagai et al., 2018). Possibly the oldest domesticated grain (~10,000 years), Oryza 
sativa is grown all over the world (Purugganan, 2014). Among the O. sativa accessions, certain types 
of varieties have been identified as premium or high quality. These rice types include the Jasmine-
style varieties, Basmati and Sadri-style rices that are a premium commodity as well as a staple in 
many parts of the world. These rice types command a high prize in both domestic and international 
markets because consumers prefer their attributes (Fitzgerald et al., 2009b, Champagne et al., 2010, 
Calingacion et al., 2014). Although various studies have looked into the diversity of the Jasmine 
phenotype, less is understood about the link between the genetics and biochemistry that lead to the 
overall quality of the Cambodian Jasmine rice. Because of the apparent benefits of producing high 
quality rice, improved techniques in ensuring the expression of the desired traits are necessary. To 
understand the connection between the genetics and chemistry of the important traits of quality, 
particularly volatile flavour compounds and textural attributes in Jasmine rice, this research will 
utilise advances in molecular marker technology and separation science, particularly metabolomics 
and lipidomics. 
The next chapter is a literature review in the fields of rice breeding for quality, rice grain chemistry, 
and of the importance of metabolomics and lipidomics as phenotyping tools. Specifically, the results 
of a consumer preference survey that was done in Cambodia will be used as a case study to reinforce 
the types of quality preferred by most of the rice stakeholders across the rice value chain. Chapter 3, 
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which is the first experimental chapter, will analyse the quality profile of premium and popular rice 
varieties in Cambodia. This chapter will provide information on the physical, textural and aroma 
quality of these varieties using the established techniques in rice quality evaluation and metabolomics. 
In the Chapter 4, the genetic basis rice textural quality will be investigated using a diverse set of 
varieties and an advanced recombinant-inbred (RI) population developed specifically for this study. 
In this chapter, the role of the most important starch component in rice, amylose, will be explored by 
finding the associations between the well-established molecular markers associated with amylose and 
the other textural traits that are routinely measured in rice grain quality laboratories. The population 
was derived from the cross between the premium rice Cambodian rice PRD and a variety of opposite 
quality type, Thmar Krem (TMK). The information taken from this chapter will include SNP markers, 
quantitative trait loci and candidate genes that are linked to the texture phenotypes in the mapping 
population. 
The fifth chapter is a genetic mapping study of rice fragrance volatile compounds and fatty acids 
using the rice mapping population analysed in Chapter 4. This population will be phenotyped for 
aroma and for fatty acids, in the form of fatty acid methyl esters, using untargeted metabolomics and 
targeted fatty acid analyses, respectively. In this chapter, metabolite QTLs and candidate genes that 
are linked to the formation of odour-active volatile compounds to these quality traits will be 
identified. Unsaturated fatty acids oxidise into odour-active volatile compounds and these volatile 
compounds are present in rice in varying amounts. The origin of these volatile compounds can be 
traced back to the lipid species where the fatty acids originate. Therefore, in Chapter 6, lipids in rice, 
in the form of intact lipids, will be profiled using untargeted lipidomics. To establish the genotype-
dependence of the lipid profile, different varieties were screened in addition to screening and the RIL 
population that has undergone quality evaluation and aroma and fatty acid analyses in Chapters 4 and 
5. Current lipid databases will be used to putatively identify the lipid features. These features will be 
deduced to lipid categories and if possible, into species level. The role that lipid play in the expression 
of these quality traits will be investigated in order to improve varietal discrimination and therefore 
selection based on quality traits.  
The overarching goal of this study is to investigate the genetic determinants for the accumulation of 
the discriminatory volatile compounds and the textural attributes of a high quality Jasmine-style rice 
variety. Current platforms in genomics, metabolomics and bioinformatics will be integrated to 
determine the origin of the discriminating volatile compounds that contribute to the reputation of the 
Jasmine texture and aroma of Southeast Asian rice. This research was conceptualised with the 
overarching goal of providing genetic markers to aid rice breeding programs in conducting more 
accurate selection, leading to varietal adoption and sustained market acceptance, and therefore 
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breeding success. With this research, new information will be obtained to deliver into the rice quality 
breeding pipeline as well as into the areas of food aroma and grain texture improvement programs. 
1.2 Research Scope and Objectives  
 To identify the quality profile, particularly grain fragrance, texture and physical traits of 
premium Cambodian Jasmine rice; 
 To identify the QTLs for grain textural traits in a mapping population; 
 To identify the QTLs for odour-active volatile compounds and fatty acids in a rice mapping 
population; 
 To identify the evolution of these odour-active active volatile compounds using targeted and 
untargeted metabolomics; 
 To determine whether lipids influence the other traits of quality. 
1.3 Research Questions 
 What is the quality profile of premium vs non-premium rice?  
 What are the QTLs and genes responsible for the quality of premium rice varieties? 
 What is a possible biochemical pathway for the accumulation of discriminatory flavour 
compounds in different rice varieties? 
 How do lipids affect rice grain quality? Is there a genetic mechanism that underpins this 
influence? 
1.4 The Significance of the Research 
This research aims to identify the genetic regions and biochemical origin of the formation of 
discriminatory volatile compounds and textural attributes in high quality Jasmine-style rice using 
routine methods for rice grain quality evaluation combined with SNPs and metabolomics. Essentially, 
this study will provide the first set of genetic and metabolomics data for Cambodian rice varieties and 
the possible biochemical pathway for the traits of interest to breeding programs and rice stakeholders. 
Using the current tools in genomics and metabolomics, this research pursues an avenue of systems 
biology to understanding of the role of the lipidome in rice overall quality. This approach will be 
achieved by analysing the physical, textural, volatile compounds and lipids of a diverse rice samples 
and an advanced rice mapping population. The knowledge gained from the research will be delivered 
to breeding programs as genetic selection tools for superior rice grain quality that can be used in 
improving high yielding varieties.  
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 Literature Review1 
This chapter will review the trends in high quality rice improvement, the important traits and tools 
used in quality assessment and the unexplored domains of grain quality improvement.  
2.1 Breeding for high quality rice 
2.1.1 Overview 
The Green Revolution in the 1960s has developed short-duration, semi-dwarf, and high-yielding rice 
varieties (Khush, 1999, Khush, 2001, Hazell, 2010). Among these varieties, the miracle rice variety 
IR8, released in 1966, did not maintain a place in the market because of its poor eating quality. IR8 
was described by consumers as ‘feeling like sandpaper in the throat’ (Hargrove and Coffman, 2006). 
An improved variety, IR36, was released in 1976, which carried resistance to multiple pests and 
diseases, but its adoption was also limited because of the minimal improvement in grain quality over 
IR8 – the grain of IR36 is slender, rather than bold like IR8, but the sensory quality of the two varieties 
is similar. By contrast, the release of IR64, late in the Green Revolution, was very successful and 
IR64 has been widely accepted in the Philippines, India, Indonesia, Vietnam and several other 
countries, due to its excellent grain quality (Khush, 1995). This quality was captured fortuitously, and 
the variety continues to be grown on millions of hectares today, suggesting that the same quality has 
not been captured in other varieties. This brief narrative of the IR series of rices clearly indicates that 
once a variety leaves a breeding program, rice quality is a huge driver of its acceptance by markets 
and consumers, which thereby facilitates successful mid to long-term adoption by farmers. Moreover, 
the importance of quality became very clear, and many quality evaluation programs arose during this 
time. 
                                                 
 
1 Core content of this Chapter was published as CONCEPCION, J. C. T., OUK, M., ZHAO, D. & FITZGERALD, M. A. 
2015. The need for new tools and investment to improve the accuracy of selecting for grain quality in rice. Field Crops 
Research, 182, 60-67.. 
5 
After the relative success of the Green Revolution, food security has consistently been challenged by 
(1) an ever-expanding global population, (2) decreasing arable land due to urbanisation, and (3) 
drought and flooding from more erratic weather due to climate change. It is therefore now essential, 
not only to develop varieties combining acceptable quality and high yield potential, but also to equip 
these with the ability to tolerate one or more stresses (Brar and Khush, 2013). To this end, significant 
investment has been made: (1) in Japan, in trying to replace the popular variety Koshihikari with a 
better yielding japonica-type (Tomita, 2009); (2) in Lao PDR, to improve the agronomic traits of the 
most popular aromatic, long grain, glutinous rice Hom Nang Nouane (Inthapanya et al., 2006, 
Boualaphanh et al., 2011); (3) in Iran, to improve the stress tolerance/resistance of the traditional rice 
variety Hashemi; (4) in the Punjab region of India and Pakistan, to increase the yield potential of 
Basmati varieties (Singh et al., 2000); and (5) at the International Rice Research Institute (IRRI) in 
the Philippines, to improve stress tolerance of megavarieties while maintaining desired grain quality 
(Mackill et al., 2006). These examples illustrate the importance of rice quality to markets in different 
rice-growing regions. 
2.1.2 Quality evaluation is essential at different stages of the breeding cycle  
In a traditional breeding program, first, suitable parents are carefully chosen based on the breeding 
goal, to ensure successful population development. Therefore, information of potential parents 
including quality characteristics must be provided to breeders before the breeding program begins. 
Devising an optimum selection strategy for grain quality needs to be built on knowledge of 
inheritance of the trait, requiring a collaborative approach between breeder and cereal chemist. The 
decision about the suitable generation for selection must also take into account the underlying gene 
action and complexity of inheritance for the trait. Secondly, the quality of derived progeny should be 
evaluated at various stages of the breeding cycle. The use of molecular markers, especially co-
dominant markers, can be especially useful in early generations, providing clear knowledge of the 
underlying genotype and forewarning of subsequent segregation. At early generations breeders could 
select progeny for progression based on grain shape and chalkiness. Once agronomically suitable 
lines are theoretically fixed, several indicators of cooking quality are measured. Quality evaluation 
promotes measurements of certain traits such as amylose content, gelatinisation temperature, gel 
consistency and rapid visco analysis at the F4 or F5 stage, where a promising high-yielding line could 
be promoted to multi-location testing prior to varietal release, or discarded and replaced with a sister 
line in the earlier phases of the breeding program to improve its quality. Thus, it would be useful to 
have the tools to identify the quality of a line using molecular markers, which can be traced through 
the stages of the breeding cycle. Delayed evaluation of, and selection for, grain quality may result in 
a breeding program failing to release a variety, or a significant lengthening of the process of varietal 
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release. An agronomically excellent line may not be accepted for release because of high chalkiness 
in the grains, for example, finally ruining a breeder’s efforts to release a new variety after years of 
selection and testing. If a breeding line that does not match industry quality is released, based on 
excellent yield or stress tolerance only, acceptance by farmers and consumers is not guaranteed. An 
example of this is Apo, a variety released under the name PSBRc 9 for aerobic rice systems in the 
Philippines in 2001. Apo is drought tolerant and agronomically excellent under aerobic conditions 
(Peng et al., 2006). However, because it has high chalkiness, and its sensory quality is much inferior 
to that of its direct comparison of IR64 (Champagne et al., 2010), Filipino farmers and consumers 
rejected it soon after release. 
The overall quality attributes of a premium rice variety that has persisted over decades can be 
distinguished from those of an improved variety bred to replace the traditional variety. In a 
comprehensive analysis by Champagne et al. (2010), significant differences in terms of flavour and 
textures were found to be discriminating between the two sets of varieties. Desirable flavours such as 
sweet taste and popcorn-like aroma were highly correlated to the premium varieties, while the 
undesirable flavour of metallic mouthfeel was identified to be highly discriminating for the improved 
varieties. In terms of texture, slickness and springiness were the major traits that distinguished the 
texture of varieties. The results showed that the quality of the premium and other variety differed for 
each pair, and also illustrated the sensory properties that are important in each of the markets. In this 
case, it is essential to look into other unknown traits of quality that contribute to the differences in the 
premium and second grade rice varieties and design the appropriate set of molecular markers that can 
tag the genetic determinant of the trait from generation to generation. An example of yield and quality 
trade-off in upgrading the yield status of a high quality variety is that of the case between the famous 
high quality Thai traditional variety Khao Dawk Mali 105 (KDML105) that was released after pure-
line selection in the 1950s (Watanesk et al., 2010) and the improved version of it – blast-resistant 
Pathum Thani 1 (PTT1). PTT1 is marketed as a high-yielding version of KDML105. However, it is 
not identical to KDML105 in terms of quality, and as such, is not sold in the high-value Homali 
classification (Cheapun et al., 2005, Imsil et al., 2011). 
2.1.3 Grain quality evaluation programs limit varietal selection 
Over the years, rice improvement programs around the world have used the collection of routine, low 
cost assays developed in the 1950s and 60s to measure amylose content (Juliano, 1971, Sowbhagya 
and Bhattacharya, 1971, Perez and Juliano, 1978, Juliano et al., 1981b), gelatinisation temperature 
(Juliano et al., 1965, Bhattacharya and Sowbhagya, 1972), pasting properties (Blakeney et al., 1991), 
and cooked rice texture (Juliano et al., 1981a, Juliano et al., 1984, Webb, 1991), in order to provide 
breeders with information about quality traits for selection. There are fewer programs that use the test 
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for gel consistency because this test discriminates varieties of high amylose (Cagampang et al., 1973, 
Tran et al., 2011), and those countries that do not measure gel consistency are not likely to be 
developing high amylose varieties (Calingacion et al., 2014). As breeding programs continued to use 
the low-cost routine tests, it soon became clear that many varieties and breeding lines with the same 
metrics in all of the tests were not considered identical by consumers (Calingacion et al., 2014). 
However there are several examples where consumers readily discriminate between some of the 
varieties that have the same combination of traits (Champagne et al., 2010). In terms of aroma, semi-
chemical methods for determining the fragrance status of grains or plants have been practiced by 
many researchers in order to study the inheritance of aroma and improve the effectiveness of rice 
breeding programs. Tested methods such as chewing kernels (Garland et al., 2000), smelling 
vegetative tissue after warming or soaking in potassium hydroxide solution (Amarawathi et al., 2008), 
eluting aroma from leaves with diluted potassium hydroxide (Sood and Siddiq, 1978), heating leaf 
tissue in water and noting the aroma (Nagaraju et al., 1975), cooking a sample of seeds from 
individual plants and noting the aroma (Choudhury and Ghosh, 1978), and eating cooked rice (Wilkie 
et al., 2004) have been used to identify aromatic rice plants. However these methods of grain tasting 
and smelling are subjective and were found to induce sensory fatigue in the tester as they can cause 
damage to the nasal passages, which is likely a source of error for such methods (Bergman et al., 
2000). Moreover, although these mentioned techniques have great potential as an early indicator of 
fragrance in young rice plants, the only compound that is known to explain the aroma in fragrant rice 
is 2-acetyl-1-pyrroline (2AP). Traditional aromatic rices from different parts of the world contain the 
popcorn-like aromatic compound, 2AP (Buttery et al., 1982), and also carry the 8-bp deletion and 
three SNPs in the fragrance gene (Bradbury et al., 2005a, Kovach et al., 2009). However, 2AP is 
present in Jasmine, Basmati and Sadri type rice varieties, and these rices can all be distinguished by 
consumers (Champagne et al., 2010). Consistent with this, deep metabolomic profiling, using a 
combination of platforms, shows clearly that each of those three classes of rice has a different 
metabolomic signature (Calingacion et al., 2012). This profiling not only indicates that 2AP is simply 
a general indication that fragrance is present in a variety, but that each rice type has a unique 
combination of metabolites that discriminates it from other types of aromatic varieties. Therefore, it 
is noteworthy to validate the biochemistry of these combinations and understand the causes of the 
presence of the different compounds. This will enable us to move beyond 2AP and to identify new, 
important volatile compounds and develop markers for them. The studies reviewed above have 
focussed on exploring more deeply into the traits currently used in quality evaluation in order to 
understand them and develop a vocabulary for them. These above reports indicate (1) a plateau has 
been reached in terms of quality evaluation that limits accurate and robust selection, and (2) 
investment in science is required to bring new understanding to grain quality. 
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2.1.4 New research into traits of quality 
2.1.4.1 Rice aroma 
Aroma in rice is a highly valued grain characteristic that is readily detected by consumers. Aromatic 
rice plays a key role in both global and domestic markets (Unnevehr et al., 1992), as exemplified by 
the competitive global rice market share of high quality aromatic rice varieties such as the Jasmine 
rice from Thailand and Basmati type rices from Pakistan and India (FAO, 2012). The price of high 
quality Jasmine rice and Basmati rice has remained high and stable over the last five years, 
presumably because of the demand for their exceptional quality. Due to globalisation and migration 
of rice consumers from the Indian subcontinent and from Southeast Asian countries to Western 
countries such as UK, USA and Australia, an increase in demand for Basmati (Ferrero and Nguyen, 
2004) and Jasmine type rices (Suwansri et al., 2002) has occurred in those countries. Moreover, the 
demand for high quality rice is also increasing across developing countries in Asia, where rice is 
primarily consumed (Lee and Hong, 2012).  
By convention, aromatic rice is also known as “flavoured”, “fragrant”, “scented”, or “popcorn” rice 
and it holds a world-wide reputation for fine quality (Singh et al., 2000). Aroma is found in the 
Jasmine rices of South East Asia, the basmati rices of South Asia and the sadri rices of Central Asia. 
The compound 2-acetyl-1-pyrroline (2AP) is present in all these rices, and its presence defines the 
aroma (Kovach et al., 2009). However, consumers recognise that these rices differ in taste and flavour 
(Champagne et al., 2010), and metabolomics platforms are able to discriminate between them 
(Calingacion et al., 2012), indicating that aroma is a complex phenotype and that 2AP alone is not a 
sufficient predictor of the aroma phenotype. Therefore, new tools are needed to provide the basis for 
understanding the similarity and uniqueness of different aromatic rice types. 
The importance of aromatic varieties is driven by consumer preference. This consumer demand, in 
turn, leads aromatic rices to have higher marketability and become priority cultivars in rice breeding 
programs as compared to non-aromatic rices. Many studies have investigated the parameters to breed 
for aromatic rices; however, it is still unclear why aromatic rices that contain 2AP have different 
combinations of volatile compounds that exhibit distinct flavour and taste (Calingacion et al., 2014). 
This gap can be addressed by using tools that can provide a better resolution of the actual chemical 
and biochemical constituents in the rice grain. This enhancement in understanding the role of each 
metabolites in rice fragrance can be achieved by a relevant phenotyping tool. Techniques such as 
solid phase micro-extraction (SPME), could provide rapid early generation screening without the 
requirement for mature grain. Moreover, progress in separation techniques have enabled better 
extraction, quantification and identification of volatile compounds. GC-MS technologies enable the 
identification and robust quantification of a few hundred primary metabolites within a single extract 
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(Fiehn, 2002). The main advantage of this tool stems from the fact that it has long been used for 
metabolite profiling and, therefore, there are stable protocols for machine set-up, maintenance and 
usage.  
Among the novel tools in GC-MS technologies, the two-dimensional GC-MS (GC×GC-MS) stands 
out as the most sensitive tool to quantify and identify volatile compounds (Cordero et al., 2015, 
Marriott, 2018). GC×GC-MS offers several advantages, most notably, fast scan times, which give 
rise to either improved peak deconvolution (the ability to resolve partially co-eluting peaks) or higher 
sample throughput. The sensitivity of this equipment comes from the addition of a secondary column, 
which has a different polarity to the first column (Mondello et al., 2008, Meinert and Meierhenrich, 
2012, Cordero et al., 2015, Yang et al., 2013). Disadvantages of this platform, on the other hand, 
include increased cost and difficulty in deconvolution. Co-eluting peaks that are usually found as 
single peaks in a one-dimensional GC, will come out as two peaks by way of the two dimensions. In 
line with this, metabolomics would increase our ability to identify the accumulation of volatile flavour 
compounds in rice. These identified compounds, in order to be useful to breeders, must be converted 
into molecular markers that breeding programs can use in marker-assisted selection. Therefore, the 
genetic data of rice varieties or lines must be available and appropriate mapping populations must be 
created. 
2.1.4.2 Aroma-targeted rice breeding 
In the rapidly developing Asian economies, the increase in consumer wealth is likely to drive rice 
consumers to purchase quality rice (Dawe, 2002, Dawe, 2008). One of the developing countries in 
Asia — Cambodia — enters the new millennium with high dependence on agriculture, especially 
rice. Cambodia is largely dependent on rice, which provides 76% of the total daily calorie intake and 
has a collection of about 2,000 rice accessions in their gene banks that includes traditional and 
improved cultivars as well as breeding lines (CARDI, 1992). Among the rice varieties widely grown 
in Cambodia, the traditional variety popular in this market is the Jasmine-like rice variety Phka 
Rumduol (PRD). PRD was developed through the support from the Cambodia-IRRI-Australia Project 
(1988-2001) and was officially released as a variety by the Cambodian Agricultural Research and 
Development Institute (CARDI) in 1999. PRD yields are typically low, 3.5–5 tons per hectare under 
rainfed lowland conditions, and the variety is photoperiod sensitive. However, PRD has long slender 
grains and a desirable Jasmine-type aroma, is not chalky, and has low amylose content (approximately 
13.8% that makes it quite sticky when cooked). The milled rice is translucent, and when cooked soft-
textured, unbroken, and flavourful (CARDI, 2000). These good grain quality attributes of PRD drive 
Cambodian breeders to capture the aroma and texture of PRD in a background with better agronomic 
adaptation. 
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In order to address the underlying challenges of food security and the increasing demands for rice in 
Cambodia, the Australian Centre for International Agricultural Research (ACIAR) funded a project 
that involved the International Rice Research Institute (IRRI) and CARDI. This ACIAR project aimed 
to develop rice breeding programs that would improve the rice germplasm of Cambodia. This project 
included a survey that was conducted in 2011 to identify the rice preferences of Cambodian 
stakeholders for a new breeding program targeted at varieties needed in the future in Cambodia. The 
survey, involving in-depth discussions with local farmers, traders, millers and consumers in three 
provinces, revealed key parameters essential to the entire rice value chain in Cambodia (ACIAR 
Project CSE 2009-005 Review). According to this survey, varieties with high yield, short duration 
for dry season rice, stress tolerance and lodging resistance were considered to be agronomically 
valuable to farmers, while the quality traits of slender grain, aroma, low chalkiness, grain 
translucence, high head rice and medium texture after cooking were highly preferred by all actors in 
the value chain. Qualitative data from the survey was analysed in Leximancer (Smith, 2003). This 
analytical tool provides a pictorial summary of the major themes, and concepts within those themes, 
that emerge from survey responses (Watson et al., 2005, Cretchley et al., 2010a, Cretchley et al., 
2010b). Analysis of the concepts indicate that grain quality, particularly smell (aroma), is the most 
preferred quality trait by Cambodian stakeholders (Figure 2.1). 
Figure 2.1 Image representation derived from a survey of factors affecting Cambodian stakeholder 
preferences for rice varieties in Cambodia, analysed using the Leximancer Software. Survey 
conducted in 2011 (ACIAR Project CSE 2009-005 Review). 
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At present, Cambodian rice researchers aim to strengthen their quality evaluation program, and as 
well as their marker-assisted selection (MAS) selection capacity, to facilitate precise breeding of new 
varieties (Ouk, Personal Communication). Hence, it is a necessity for rice breeders to use the current 
molecular tools that uncover linkages to the measured phenotypes of interest. With the right tools, we 
will be able to determine the quality characteristics of Cambodian style Jasmine rice to assist their 
breeders in marker-assisted breeding programs. This case study is part of the recent literature on the 
consumer acceptance of high quality rice in Cambodia, underscoring the need to invest in production 
of high quality rice that will satisfy the markets, and increase the profit of smallholder farmers. To 
achieve both these production and profitability targets, we need to understand what quality is, 
specifically, aromatic and texture quality: what contributes to it, and how it arises. 
The aromatic phenotype of rice has been intensively studied, largely in terms of the presence and 
concentration of the volatile compound 2-acetyl-1-pyrroline (2AP) in the rice grain. A subject of 
similar research interest has been the methods to transfer the genetic region that allows the expression 
of this desirable aromatic trait to future rice varieties. Although the environment may play a role in 
the degree of aroma of a variety, the chemical basis of 2AP and its underlying molecular genetics is 
widely accepted (Fitzgerald et al., 2008b, Kovach et al., 2009, Fitzgerald et al., 2010).  
2.1.4.3 The chemistry of 2AP 
Among the flavour volatile compounds, 2-acetyl-1-pyrroline (2AP) — also known by the IUPAC 
name 1-(3,4-dihydro-2H-pyrrol-5-yl) ethanone — is known as the primary chemical determinant of 
aroma in fragrant rice (Buttery et al., 1983), and has a low odour threshold determined to be 0.06 
ng/L (in air). Its aroma is often described as similar to Pandanus amaryllifolius leaf scent that is 
popular in some Asian cultures (Laksanalamai and Ilangantileke, 1993). Dried Pandanus leaf is added 
to non-fragrant rice while cooking to provide a characteristic Basmati/Jasmine scent. The flavour of 
a variety of plant and food products is also associated with the presence of 2AP, indicating its 
abundance in nature (Schieberle, 1991, Herderich et al., 1995, Wakte et al., 2011). The confirmed 
presence of 2AP in fragrant rice varieties (Buttery et al., 1983) paved the way to understanding its 
genesis, and its role in contributing to quality improvement of rice varieties. 
2.1.4.4 Molecular and genetic basis of 2AP formation 
Following recognition that 2AP is the main volatile compound for aroma, research on identifying the 
genetic basis of this trait has been successful. Double haploids, using four different types of molecular 
markers, have been used to map the gene for aroma in rice (Lorieux et al., 1996). This study was later 
validated after positional cloning of the major recessive gene for aroma (Bradbury et al., 2005a), and 
has been useful to breeding programs after the release of the polymerase chain reaction PCR-based 
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molecular markers that identify the trait (Bradbury et al., 2005b, Bradbury et al., 2008). Positional 
cloning showed that rice (Oryza sativa) has two betaine aldehyde dehydrogenase (BADH) homologs, 
BADH1 and BADH2, encoded on chromosomes four and eight respectively (Bradbury et al., 2008). 
BADH1 is the gene responsible for glycinebetaine synthesis, from the substrate betaine aldehyde, and 
is highly expressed when rice is under stressed conditions, such as drought and salinity. On the other 
hand, BADH2 is responsible for the characteristic aroma of fragrant rice. BADH2 is an enzyme 
involved in gamma-amino butyric acid (GABA) synthesis, specifically in the oxidation of 4-
aminobutyraldehyde (GABald), produced from putrescine, to GABA. Without a functional BADH2, 
the substrate GABald accumulates and the widely held presumption is that this spontaneously cyclises 
to delta-1-pyrroline, which is then presumed to become acetylated to form 2AP (Bradbury et al., 
2008). The presence and concentration of 2AP has been investigated in many other studies on rice 
(Buttery et al., 1983, Widjaja et al., 1996, Grosch and Schieberle, 1997, Wilkie et al., 2004) that 
makes it the primary index in the classification of aromatic and non-aromatic rice lines and varieties. 
These breakthrough studies on the gene for aroma in rice (Bradbury et al., 2005a, Bradbury et al., 
2008) have led to many molecular breeding studies validating the genetics of the trait, and even 
discovering novel mutations in the BADH2, thus arousing interest in the other possible genetic 
determinants of the aroma phenotype (Fitzgerald et al., 2008a, Kovach et al., 2009, Sakthivel et al., 
2009, Shao et al., 2011). 
Recently, an updated biosynthesis of 2AP was revealed using untargeted metabolomics and 
confirmed by synthesising 2AP in vitro (Figure 2.2) (Daygon et al., 2017). Information on the 
mechanisms of 2AP production in the cell provide us more background into improving this trait for 
breeding purposes. This study also showed the strength of untargeted metabolomics in identifying 
other nitrogenous compounds that all, together with 2AP, can determine the aroma of fragrant rice. 
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Figure 2.2 Putative biosynthesis of 2AP. Enzymes are in italics: CuAO – copper amine 
oxidase; PAO – polyamine oxidase; AADH – amino aldehyde dehydrogenase; PDC – 
Pyruvate decarboxylase; PDH – pyruvate dehydrogenase complex. (a) TPP-catalysed 
transfer of a C2 unit to 4-aminobutanal. The reaction with 4-aminobutanal forms an 
unstable diketone 6-amino-2,3-hexadione, which cyclises to either 2AP or 6M5OTP. (b) 
Cellular localisation of the reactions leading to the formation of 2AP and 6M5OTP 
(Daygon et al., 2017). 
a) 
b) 
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2.1.4.5 Other flavour compounds in rice 
Many studies on the volatile compounds in rice grain have been linked to the presence of the 
compound 2AP (Fitzgerald et al., 2008a, Kovach et al., 2009, Sakthivel et al., 2009, Shao et al., 
2011); however, chemical analysis and separation techniques of a wide range of rice varieties have 
revealed many compounds that differ in concentration between fragrant and non-fragrant rice 
varieties (Bryant and McClung, 2011, Calingacion et al., 2012).  
 
* Indicate compounds that are used commercially at 5 ppm or less to add flavour or fragrance to manufactured food or 
perfumes; ** Indicate the odour threshold of compounds expressed as parts per billion in water; +/++ Indicate the 
tendencies between varieties based on the peak area of the volatile compounds. 
 
Table 2.1 Volatile compounds, determined by SPME GC-MS that 
discriminated the three Lao PDR rice varieties HNN, KNL and TSN1, their 
odour thresholds and flavour (Calingacion et al., 2012). 
Compounds Odour
 **Threshold  
(ppb) 
HNN  KNL TSN1
Ketones
2-Acetyl-1-pyrroline Popcorn 0.1 + ++
2-Heptanone Fruity 140 ++
2-Octanone Herbal 50 ++
2-Hexanone ++
2,3-Heptadione Cheese* ++
3-Octen-2-one Berry* ++
2,3-Octanedione Dill* ++
3,5-Octadiene-2-one Herby ++
Aldehydes
Hexanal Grassy 5 ++
Pentanal Floral 12 ++
2-Heptenal Fatty 13 ++
2-Octenal Herby 3 ++
2-Hexenal Fruity 17 ++
2-Butyl-2-octenal Green tea 2 ++
Benzaldehyde Almond 350 ++
Alcohols
1-Octen-3-ol Mushroom 1 ++
1-Pentanol Plastic 4000 ++
1-Heptanol Citrus* ++
1-Hexanol Grassy* 2500 ++
Ethanol  ++
1-Octanol Citrus 110 ++
2,3-Butanediol Creamy* ++
2-Ethyl-1-hexanol Rose ++
Hydrocarbons
Pentadecane Waxy* ++
Undecane Herbal* ++
Longicyclene Floral ++
DL-Limonene Citrus 10 ++
1-Ethyl-3-methyl benzene ++
Furans
2-Propylfuran Fruity 6000 ++
2-Butylfuran Wine 10000 ++
2-Pentylfuran Beany 2000 ++
Carboxylic acids
Nonanoic acid Rancid 3000 ++
Esters
Ethyl benzoate Cherry 60 ++
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A pool of flavour compounds ranging from hydrocarbons, alcohols, and aldehydes to ketones, 
carboxylic acids and esters have been identified in three Lao PDR rice varieties (Table 2.1). 
Moreover, traditional aromatic speciality rices — Jasmine, Basmati and Sadri rice types — although 
equally identified as aromatic by the presence of 2AP (Bourgis et al., 2008, Kovach et al., 2009), 
have different volatile profiles as shown in Figure 2.3 (Calingacion et al., 2014). To date, it is known 
that other flavour volatile compounds that have characteristic odours contribute to rice aroma; 
however, whether or not the presence and accumulation of these other flavour compounds is affecting 
2AP accumulation has not been established (Buttery et al., 1988, Bryant and McClung, 2011, 
Calingacion et al., 2012). Nevertheless, most, if not all of these other compounds are known products 
of the oxidation of lipids, particularly of unsaturated fatty acids (UFA). It is therefore likely to be 
worthwhile understanding how the lipids in rice could contribute to the fragrance of different aromatic 
rice varieties. To be able to do this, it is necessary to have an accurate phenotyping tool that could be 
linked to the existing genetic data that could end up as molecular markers that breeding programs can 
readily use. 
 
  
Figure 2.3 Principal components scores plot of the volatile metabolomics signature of the 
traditional indica varieties from the Greater Mekong Subregion (GMS), basmati varieties 
from South Asia, and the sadri varieties from Iran (Calingacion et al., 2014). 
GMS Jasmines 
Punjab Basmatis 
CWA Sadri 
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2.1.4.6 Lipid oxidation: Mechanism and effect on grain quality 
The presence of odour aldehydes and alcohols in rice grains can be traced back to lipids in the grain 
via different mechanisms. Lipid oxidation reactions and mechanisms have been classified into two 
types of rancidity that can occur in foods: (1) hydrolytic rancidity, which occurs through the action 
of a lipase enzyme, leading to the formation of free fatty acids (FFA) and glycerol, thus producing 
aroma; and (2) oxidative rancidity, where a radical oxidation occurs, leading to the formation of 
aromatic aldehydes and other compounds (Christie, 1973).  
Lipases (EC 3.1.1.3) are a subclass of the esterase enzyme group, which catalyse hydrolysis reactions, 
splitting esters into an acid and alcohol in the presence of water. Lipases in rice have been immensely 
studied due to their effect on the quality of oil derived from the rice bran, which stores most of the 
lipids in the grain (Goffman and Bergman, 2003a, Goffman and Bergman, 2003b, Suzuki, 2011, 
Brunschwiler et al., 2013). The action of lipase in grains can be triggered by rice processing 
techniques such as dehulling and milling (Juliano, 1985, Champagne, 1993, Goffman and Bergman, 
2003a, Saleh and Jean-Francois, 2007). Stone dehullers, for instance, can damage the brown rice 
surface that triggers lipase activity (Juliano, 1985). During the milling process, rice bran lipids come 
into contact with lipases, releasing glycerol and FFA, which are predominantly polyunsaturated fatty 
acids (PUFA), which are prone to oxidation. In other cereals such as oat and wheat, the effect of 
lipases is of greater importance primarily because these grain are largely consumed as whole grains 
(O'Connor et al., 1992, Galliard et al., 1987), unlike rice which is primarily consumed as white or 
polished rice. Lipase activity was reported to cause a decline in sensory quality and functional 
properties of whole wheat flour (Hansen and Rose, 1996, Galliard et al., 1987, Tait and Galliard, 
1988, Doblado-Maldonado et al., 2012). In a study of native and processed oat, the deterioration of 
sensory quality during storage of oat was attributed to possible accumulation of non-esterified fatty 
acids, which were described as musty, bitter, and rancid through sensory evaluation (Heiniö et al., 
2002). 
Because of the importance of the lipase enzyme in cereal quality, efforts to understand the structure 
and function of these enzymes and to mitigate the undesirable effects that it may pose on the quality 
of rice and its by-products (Barros et al., 2010, Santos et al., 2013). Takano (1993) described a 
mechanism by which bran lipase acts on lipids (Figure 2.4). Triacylglycerols (TAG), which are the 
most predominant lipid in the bran are stored in the phospholipids (PL)-rich spherosomes. The 
reaction catalysed by phospholipase D and lipase produces phosphatidic acid (PA) and FFA, 
respectively.  
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In this study, it was noted that the decomposition of bran lipids was primary catalysed by 
Phospholipase D and this was confirmed due to the decrease in PL after milling (Takano, 1993). A 
novel thermally-stable lipase from rice bran was isolated and was shown to preferentially hydrolyse 
the sn-2 position of phosphatidylcholine, whereas it apparently exhibited no positional specificity 
towards TAG (Bhardwaj et al., 2001). In this current study, milled rice (devoid of hull and bran 
fractions) will be used, therefore, the possible rice bran lipase activity is not expected to occur.  
Oxidative rancidity of lipids occurs rapidly in the presence of atmospheric oxygen either through the 
action of an enzyme or through autoxidation (Christie, 1973, Doblado-Maldonado et al., 2012). 
Because of the ‘spontaneous’ nature of the reaction, the process is frequently referred to as 
autoxidation (Velasco et al., 2010). Lipids oxidise through a complex series of reactions, giving rise 
to a myriad of non-volatile and volatile compounds that are responsible for off flavors, even at low 
concentrations. The overall mechanism of lipid oxidation consists of three phases (Figure 2.5): (1) 
initiation, the formation of free radicals (R •); (2) propagation, the free-radical chain reactions; and 
(3) termination, the formation of non-radical products (RO2R) (Velasco et al., 2010).The formation 
of lipid radical R • (1) is usually mediated by ubiquitous hydroperoxides, trace heavy metals, 
irradiation, light or heat. After the formation of the first radicals, the three stages of oxidation occur 
simultaneously, but at varying rates that change during the process. It is known that the step 
Figure 2.4 Diagram for lipid hydrolysis in rice (Takano, 1993). 
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determining the rate is the propagation reaction, equation (2) above, which leads to accumulation of 
hydroperoxides by the reaction of peroxyl radicals with lipid substrate molecules. As a result, 
hydrogen abstraction from unsaturated lipids is selective for the most weakly bound hydrogens. The 
susceptibility of lipids to oxidation thus depends on the availability of allylic hydrogens (Jadhav et 
al., 1995, Velasco et al., 2010).  
 
In plants, such as rice, the formation some of these odour-active compounds are genetically 
controlled. One of the main pathways that leads to the formation of these compounds is the 
lipoxygenase (LOX) pathway (Andreou and Feussner, 2009). The LOX pathway is an enzymatic 
pathway for lipid oxidation, which includes several enzymes and the main one being the LOX 
enzymes or lipoxygenases (linoleate: oxygen oxidoreductase, EC 1.13.11.-; LOX). LOXs are 
monomeric, non-heme and non-sulfur, but iron-containing dioxygenases widely expressed in fungi, 
animal and plant cells (Brash, 1999). LOX catalyses the oxidation of unsaturated C18 fatty acids into 
either 9‐ or 13‐hydroperoxy fatty acids. The main products of the LOX pathway are C6 aldehydes 
and alcohols generated through sequential enzymatic reactions. The other enzymes in this pathway 
include hydroperoxide lyase, alcohol dehydrogenase and (Z)-3/(E)-2 isomerase (Galliard and 
Matthew, 1977). Figure 2.6 illustrates the dioxygenation of a PUFA with α-linolenic acid (C18:3n-3) 
as the substrate (Helena and Rocha-Sosa, 2002). Based on this pathway, volatile compounds that emit 
green type odours such as nonandienal and hexenal 9 (http://www.thegoodscentscompany.com), can 
be derived from either 9‐ or 13‐hydroperoxy fatty acids, catalysed by 9- and 13-LOXs respectively. 
Initiation: 
RH + initiator     R •       (1) 
RO
2
H                 RO
2
 • 
Propagation: 
R • + O
2
             ROO •    (2) 
ROO • + RH       ROOH + R • 
Termination: 
2ROO •              non-radical product      (3) 
ROO • + R •        ROOR (non-radical product) 
2R •                    non-radical product 
Figure 2.5 Mechanism of lipid autoxidation (Velasco et al., 2010). 
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LOXs have the ability to catalyse the formation of free radicals, which can then attack other 
constituents such as vitamins, colours, phenolics and proteins that are essential to the quality of a food 
product (Robinson et al., 1995, Chen et al., 2004, Ties and Barringer, 2012, Vogt et al., 2013). The 
association between LOX and flavours of plants and food products has been reported by previous 
studies involving tomato (Chen et al., 2004, Ties and Barringer, 2012), legumes (Fujimaki et al., 
1965, Sessa, 1979), tea leaves (Mahanta et al., 1993), apples (Vogt et al., 2013) and cucumber (Yang 
et al., 2012) among many others. 
 
  
Recently, through transgenic approaches, it has been suggested that one of at least five lipoxygenases 
in tomato, TomloxC is a chloroplast-targeted lipoxygenase isoform that can use both linoleic and 
linolenic acids as substrates to generate volatile C6 flavour compounds (Chen et al., 2004).  
Figure 2.6 The LOX pathway (Helena and Rocha-Sosa, 2002). 
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The mode of action of LOXs in terms of production of volatile aroma compounds is well-documented 
particularly in soybean and tomato, but not as much in rice. In addition to seed longevity, LOXs are 
also extensively studied among plants due to their roles in lipid peroxidation under biotic and abiotic 
stress and involvement in a number of developmental stages. In rice and Arabidopsis, the LOXs have 
been reported to be associated with the synthesis of signalling molecules and changes in cellular 
metabolism and are known to be involved in apoptotic (programmed cell death) pathway, and biotic 
and abiotic stress responses (Umate, 2011). This particular paper reported that the 14 putative lox 
genes in rice have well-conserved protein sequences and have relatively high sequence homology to 
the LOXs in Arabidopsis (Umate, 2011). 
A hydroperoxy group is added at carbons 5, 12 or 15, when arachidonic acid is the substrate, and so 
the LOXs are designated as 5-, 12- or 15-lipoxygenases (Andreou and Feussner, 2009). LOXs are 
versatile catalysts, because they are multifunctional enzymes, catalysing at least three different 
reactions: (1) oxygenation of substrates (dioxygenase reaction), (2) secondary conversion of 
hydroperoxy lipids (hydroperoxidase reaction), and (3) formation of epoxy leukotrienes (leukotriene 
synthase reaction). However, under physiological conditions the first reaction is most prevalent in 
plants (Liavonchanka and Feussner, 2006). 
Given that the genes for lipid peroxidation in rice are present and that lipid oxidation products can 
produce flavour compounds in many food and plant products, the current research aims to investigate 
the association between the aromatic flavour compounds of high quality Jasmine-style rice, the 
genetic basis of the important quality traits, and their possible lipid origin. In so doing, it is a must to 
critically evaluate the requirements of the research in terms of the rice varieties to use, the capacity 
of a phenotyping platform and the richness of the genetic data at hand to unveil the existing and novel 
traits that can inform future rice breeding programs. 
2.2 Mapping grain quality traits in rice 
2.2.1 Overview 
The complex nature of rice grain quality encompasses the physical, biochemical and genetic aspects 
of the rice grain (Fitzgerald et al., 2009b). While many studies have looked into the inheritance of 
routinely measured traits such as amylose content (Bao et al., 2004, Chen et al., 2008a), gelatinisation 
temperature (GT) (Waters et al., 2006, Cuevas et al., 2010), gel consistency (GelCon) (Tran et al., 
2011), pasting properties (Chen et al., 2008b), cooked rice texture (Champagne et al., 2004) and 
aroma measured by the concentration of 2AP using GC-MS, the connection between the genetics and 
the expression of these traits is still poorly understood, either due to unavailability of accurate 
phenotype tools and/or inadequate markers that are useful for MAS. Therefore, it is essential to have 
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accurate and precise tools to identify the causative gene and protein, and to design the proper markers 
that are linked to the traits of interest. Similar to most of the agronomically important traits, grain 
quality traits are inherited quantitatively and are presumed to be controlled by large number of genes 
(polygenes), also known as quantitative trait loci (QTLs) (Tanksley, 1993, Amarawathi et al., 2008). 
These gene loci or QTLs are known to be highly dependent on the environment and most of them 
have minor effects, only occasionally having major effects. These QTLs can be identified and 
detected with the aid of molecular markers by a process called QTL mapping (Tanksley, 1993, Li et 
al., 2003, Blanche et al., 2009). 
2.2.2 Molecular markers for genotyping 
Molecular markers are powerful tools for genetic mapping, genotype fingerprinting, population 
structure, and genetic diversity studies. They have great potential to help breeders by linking 
genotypic and phenotypic variations, and speed up the process of developing improved cultivars 
(Gupta and Varshney, 2000). A variety of molecular markers, including restriction fragment length 
polymorphisms (RFLPs), random amplified polymorphic DNAs (RAPDs), amplified fragment length 
polymorphisms (AFLPs) and microsatellites or simple sequence repeats (SSRs), have been developed 
in different crop plants (Varshney et al., 2005). Although many researchers preferred SSRs due to 
their usefulness in molecular breeding (Yang et al., 1994, McCouch et al., 1997, Varshney et al., 
2005), current breeding programs have rapidly made SNPs as the new marker of choice replacing 
SSRs (McCouch et al., 2010, Thomson, 2014). Single nucleotide polymorphism (SNP) is an 
individual nucleotide base difference between two DNA sequences. SNPs can be categorised 
according to nucleotide substitution as either transitions (C/T or G/A) or transversions (C/G, A/T, 
C/A, or T/G) (Edwards et al., 2007). SNPs provide the ultimate form of molecular genetic marker 
since a nucleotide base is the smallest unit of inheritance. They also represent the most frequent type 
of genetic polymorphism, and the potential number of such markers in species (Rafalski, 2002).  
2.2.3 SNP genotyping 
Recent advancements in sequencing technologies and the availability of the full rice genome sequence 
provided massive influx of genome information on rice genetics (Li et al., 2014, The 3000 Rice 
Genomes Project, 2014). Along with the development of tools to mine large number of SNPs from 
nucleotide databases, new SNP genotyping platforms have been developed that can analyse a large 
number of SNPs in parallel in a large population set without the labour-intensive gel electrophoresis 
(Thomson et al., 2012). SNP genotyping platforms are known to be operated with flexibility, speed, 
cost-effectiveness and provide manageable data. An increasing number of reports indicate that the 
GoldenGate SNP assays of Illumina’s VeraCode technology on a BeadXpress Reader, enables a 
lower cost per data point by employing the 384-plex SNP genotyping in a fluidics-based system 
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without using the arrays (McCouch et al., 2010, Thomson et al., 2012). Because of this progress, SNP 
assays have become a widely used marker for genetic mapping and association studies (Thomson et 
al., 2012, Ye et al., 2012, Baltazar et al., 2014). As there are currently no available QTL mapping 
studies on Cambodian rice varieties, we would be able to map the genes that could explain the 
underlying quality of Cambodian rice germplasm and understand their traits by using SNPs and 
relevant phenotyping tools.  
2.2.4 Association mapping and whole genome sequencing 
Association mapping, also known as “linkage disequilibrium mapping” has gained popularity in plant 
genetics as a form of QTL mapping by examining the marker-trait associations that can be attributed 
to the strength of linkage disequilibrium between markers and functional polymorphisms across a set 
of diverse germplasm (Bradbury et al., 2007, Zhu et al., 2008). It is a powerful preliminary screening 
tool for candidate gene identification by exploiting the natural diversity in a population while using 
the modern technologies of the genomics era. Association mapping in rice populations has been 
conducted by many due to its high resolution, abundant polymorphisms across the genome and the 
ability to provide an explanation of the existence of complex traits that linkage mapping with 
biparental populations is unable to fully account for (Bradbury et al., 2007, Zhu et al., 2008, Begum 
et al., 2015). 
2.2.5 Factors influencing the detection of QTLs 
There are many factors that influence the detection of QTLs segregating in a population (Tanksley, 
1993). The main ones are genetic properties of QTLs that control traits, environmental effects, 
population size and experimental error. Genetic properties of QTLs controlling traits include the 
magnitude of the effect of individual QTLs. Only QTLs with sufficiently large phenotypic effects 
will be detected; QTLs with small effects may fall below the significance threshold of detection. 
Another genetic property is the distance between linked QTLs. QTLs that are closely-linked 
(approximately 20 centimorgans (cM) or less) will usually be detected as a single QTL in typical 
population sizes (<500) (Tanksley, 1993). Environmental effects may have a profound influence on 
the expression of quantitative traits. Experiments that are replicated across sites and over time (e.g. 
different seasons and years) may enable the researcher to investigate environmental influences on 
QTLs affecting trait(s) of interest (Collard et al., 2005). For a QTL mapping study, recombinant 
inbred (RI) and double haploid (DH) populations are ideal (Lister and Dean, 1993, Bernardo, 2002). 
The most important experimental design factor is the size of the population used in the mapping study. 
Thus, the larger the population, the more accurate the mapping study and the more likely it is to allow 
detection of QTLs with smaller effects (Tanksley, 1993). An increase in population size provides 
gains in statistical power, estimates of gene effects and confidence intervals of the locations of QTLs 
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(Beavis, 1998). Although unacceptable in terms of good practice, the main sources of experimental 
error are mistakes in marker genotyping and errors in phenotypic evaluation. Genotyping errors and 
missing data can affect the order and distance between markers within linkage maps (Hackett, 2002). 
The accuracy of phenotypic evaluation is the most important for the accuracy of QTL mapping. A 
reliable QTL map can only be produced from reliable phenotypic data. Replicated phenotypic 
measurements is essential to improve the accuracy of QTL mapping by reducing background ‘noise’. 
Moreover, QTL validation by assessing the QTLs in relevant breeding lines is required (Collard et 
al., 2008). 
2.3 Post-genomics era: The age of systems biology 
Since the birth of the polymerase chain reaction in the 1980s (Mullis et al., 1987), the fields of 
molecular biology and biotechnology have progressed rapidly (Li et al., 2014). The current status of 
technological innovations enable rice scientists to look deeper into the genome of rice, as well as 
identify the metabolites that contribute to the rice plant’s overall value – agronomic characteristics, 
resistance to biotic stresses, tolerance to abiotic stresses and grain quality profile. These developments 
have been possible due to the availability of the full genome sequence of rice (Goff et al., 2002, Yu 
et al., 2002, International Rice Genome Sequencing Project, 2005) and the public databases that 
provide information on the annotated genes, proteins and other information related to the rice plant. 
The availability of high-resolution genotyping techniques and intricate yet accurate gene-based 
laboratory screening, identification of candidate genes and alleles of target genes has been made 
possible (Collard et al., 2008). 
Recently, scientists sequenced the genomes of 3,000 rice accessions of different rice sub-populations 
that originate from different regions of the world (The 3000 Rice Genomes Project, 2014). This study 
of genome sequencing only show that genomics has reached its peak in terms of identifying the 
genetic codes of rice cultivars (Li et al., 2014). Although this reported sequencing data is a relevant 
achievement in rice research, the fact that there are existing gaps in terms of phenotyping for certain 
quality traits as stated earlier, investment in understanding the phenotype is crucial. By investing in 
the use of these techniques, new selection tools can be delivered, which will have a great impact on 
decreasing the time taken to release an adoptable, acceptable variety of rice. 
2.3.1 Metabolomics: a phenotyping platform for breeding 
The field of plant metabolomics has rapidly progressed in the past decade (Hall et al., 2008). 
Metabolomics represents an important addition to the tools currently employed in genomics-assisted 
selection for crop improvement (Fernie and Schauer, 2009). It has been used in various aspects of 
research, ranging from human health improvement (Whitfield et al., 2004, Gibney et al., 2005) and 
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crop improvement (Fernie and Schauer, 2009, Calingacion et al., 2012) to understanding the 
interactions of organisms with their environment (Bundy et al., 2009). Recent reports have 
demonstrated the potential of a combined omics strategy in understanding the genetic basis of rice 
metabolome in mapping quantitative traits in rice (Matsuda et al., 2012, Gong et al., 2013, Yang et 
al., 2014b). Gong et al. (2013) found several large effect mQTLs for rice traits and attributed this 
successful experiment to their use of high density of SNP markers and robust metabolomics method. 
(Mumm et al., 2016) made an extensive use of four complementary metabolomics platforms to profile 
the minerals and metabolites in polished rice grains of 44 rice genotypes of diverse quality types. This 
study demonstrated that all platforms could readily distinguish each genotype and that regardless of 
analytical platform or group of metabolites studied, chemical diversity is sufficient to enable 
genotype-specific profiles to be identified. More importantly, these platforms were able to 
differentiate the aroma of fresh Thai Jasmine rice from fresh Basmati rice, therefore providing the 
potential to develop selection tools for aroma-targeted rice breeding programs.  
2.3.2 Lipidomics as an additional phenotyping platform 
Plants produce the majority of the world’s lipids, and most animals, including humans, depend on 
these lipids as a major source of calories and essential fatty acids (Schmid, 2016). Lipids are highly 
diverse in terms of polarities and solubilities thus, requiring specific extraction techniques and 
therefore limiting the detection and identification to certain lipid classes (Choudhury and Juliano, 
1980). However, the role of lipids have been largely recognised in the field of medical research, 
particularly in disease and nutrition studies as they play a central role in many physiological processes 
and metabolic diseases (German et al., 2003) and in plant biology in terms of understanding the 
metabolic changes plants undergo in response to developmental, environmental, and stress-induced 
physiological changes (Welti et al., 2007, Tenenboim et al., 2016). Addressing the difficulty in 
separating and identifying the different lipid species have been a point of interest to many with the 
development in separation science techniques, particularly in mass spectrometry, allowing scientists 
to conduct lipids research with precision and accuracy, revealing more of the lipidome (Wenk, 2010, 
Shevchenko and Simons, 2010). The small quantities of lipids in milled rice compared to the amount 
of starch and protein has been the reason not as many studies have tried to understand their effect on 
rice quality. However, by paying more attention to studies on rice lipids (Morrison, 1977, 
Resurreccion and Juliano, 1975, Maniñgat and Juliano, 1980, Lam et al., 2001, Tong et al., 2015) and 
those of other cereals (Doblado-Maldonado et al., 2012), it is understandable that lipids do play a part 
in rice cooking and sensory properties.  
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Lipidomics is a special branch of metabolomics that was first put forward by Han and Gross in 2003. 
It is a systematic study of the unique chemical fingerprints that specific cellular processes leave 
behind (Shevchenko and Simons, 2010). What, however, specifically distinguishes lipidomics within 
the entire metabolomics realm is that it targets a broad, but well-defined, subset of biomolecules that 
makes the lipidome amenable for hypothesis-driven interpretation. Lipid identification has greatly 
improved with the availability of powerful techniques in mass spectrometry (Zhao et al., 2014), an 
extensive classification of lipids (Fahy et al., 2005) and a dedicated database (Fahy et al., 2009). 
However, a more comprehensive lipid profiling can be done by using complementary analytical 
platforms (Nakamura et al., 2016, Abreu e Lima et al., 2018). The combination of analytical tools 
(Figure 2.7) improves the characterisation of lipids (Nakamura et al., 2016). 
In this current study, the role of lipids will be investigated using relevant and complementary 
analytical platforms that can both identify the fatty acids and their chain lengths and the lipid molecule 
where these fatty acids where extracted from. The chain length and degree of unsaturation of the fatty 
acids will provide some indication of the extent to which these fatty acids are oxidised and the original 
lipid molecule will signify the lipid category and in turn, the biochemical pathway for these 
molecules. 
Figure 2.7 A summary of major lipid analytical tools. Abbreviations: gas 
chromatography – mass spectrometry (GC-MS), liquid chromatography-tandem mass 
spectrometry (LC-MS/MS) (Nakamura et al., 2016). 
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Compared with GC-MS technologies, liquid chromatography (LC)–mass spectrometry (MS) offers 
several distinct advantages, chiefly due to its adaptability to measure a far broader range of 
metabolites encompassing both primary and secondary metabolites (Fernie and Schauer, 2009, 
Theodoridis et al., 2008). LC-MS has been used to analyse various metabolites such as lipids (Gao et 
al., 2012, Liu et al., 2014), antioxidants (Calderón et al., 2009, Terpinc et al., 2016) and vitamins 
(Striegel et al., 2018). LC-MS is widely available as a technology and is a common approach for 
metabolite identification using authentic standards by applying fragment patterns of tandem mass 
spectrometry (MS/MS) spectra in combination with the retention time or on-line UV spectrum data 
(De Vos et al., 2007). However, the goal of translating these results into an indirect determination of 
human perception of rice grain quality, particularly rice aroma and texture still needs careful 
procedures (Zhou et al., 1999, Bergman et al., 2000, Grimm et al., 2001, Oikawa et al., 2008). 
Although these techniques in analytical chemistry have been widely reported to augment information 
to the pool of knowledge, no studies have looked into how volatile compounds develop in rice, 
particularly those compounds that are consistently detected in high concentrations. There are also no 
reports on the genetic basis of the effect of lipids on the physical and textural quality of rice using a 
mapping population. Given that there is a wealth of genomic and transcriptomic information, there is 
still limited understanding of the biochemical pathway that provides a disconnected route from 
genotype to the texture, taste and flavour phenotype, which means that our knowledge of rice quality, 
in general, is incomplete. Using the tools in metabolomics, which are highly relevant tools in 
identifying the compounds in developing aromatic rice grains, it is imperative to study the 
development of aromatic volatile compounds in different aromatic rice cultivars. Knowledge derived 
from this study will be linked to the genomic and transcriptomics data available in rice databases, in 
order to provide a holistic understanding of the variation in the different types of textural quality and 
aroma in rice varieties. 
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 Quality evaluation, fatty acid analysis and untargeted 
profiling of volatiles in rice2 
Chapter Abstract. This chapter provides the first investigation of the physical traits, pasting 
properties and volatile compounds of Cambodian rice cultivars, including traditional, improved, and 
improved traditional varieties, allowing for their differentiation as high and low quality rice. Analysis 
of the grain quality traits illustrates interesting features of traditional varieties and correlations 
between traits that assist with understanding texture. Untargeted profiling of volatile compounds 
shows that high quality fragrant varieties not only contain 2-acetyl-1-pyrroline but also several other 
compounds, including aldehydes, alcohols and 2-alkyl furans that contribute to overall aroma. 
Moreover, low odour threshold volatile compounds, which can be derived from the oxidation of 
unsaturated fatty acids, were more abundant in the fragrant varieties. The percentage area of both 
oleic and linoleic acid were found to be significantly different among the rice varieties tested. Such 
findings suggest that unsaturated fatty acids in milled rice contribute to rice fragrance, and thereby to 
overall quality. 
  
                                                 
 
2 Core content of this Chapter published as CONCEPCION, J. C. T., OUK, S., RIEDEL, A., CALINGACION, M., ZHAO, 
D., OUK, M., GARSON, M. J. & FITZGERALD, M. A. 2018. Quality evaluation, fatty acid analysis and untargeted 
profiling of volatiles in Cambodian rice. Food Chemistry, 240, 1014-1021. 
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3.1 Introduction 
Grain quality is a key aspect of all rice improvement programs because it is arguably the most 
important factor in the success of a new variety. Consumer acceptance is the final measure of varietal 
success because market acceptance provides confidence for farmers to adopt and continue to grow a 
new variety (Calingacion et al., 2014). In Cambodia, over the last few years, a number of varieties 
released have been developed by single plant selection from a traditional variety or by testing of 
germplasm from other rice improvement programs to ensure agronomic adaptation to Cambodian 
environments (CARDI, 2000). Now, Cambodia aims to revive its rice improvement program to 
develop rice varieties targeted to both domestic and international markets. In the previous chapter, a 
recent survey of stakeholders along the Cambodian rice value chain, including farmers, traders, 
millers, and both rural and urban consumers, revealed that quality is a key factor of importance 
common to all stakeholders, in particular, the aroma and texture of the milled rice. Although the 
survey provides a general idea of priorities across the rice value chain, aroma and texture are 
ambiguous adjectives in terms of rice quality. Texture encompasses a large corpus of descriptors 
(Champagne et al., 1999), and many fragrant compounds are emitted from rice as it cooks (Daygon 
et al., 2016). Therefore, analysis of Cambodian rice is required to identify the important traits of 
texture and aroma with greater accuracy.  
Rice is usually sold and eaten as white rice, and is therefore evaluated using the following parameters: 
physical traits including grain length (GL), grain width (GW) as well as degree of chalk (Calingacion 
et al., 2014). There are also many texture-associated traits such as amylose content (AC) or apparent 
amylose content (AAC), regarded as a major determinant of cooked rice texture (Fitzgerald et al., 
2009a); gelatinisation temperature (GT), the indirect method of measuring cooking time (Little et al., 
1958); gel consistency (GelCon), which is used to assess whether rice of high amylose content has a 
soft or hard texture (Tran et al., 2011); and rice pasting properties, which are assessed by rapid visco 
analysis (RVA). These analyses all provide information about textural traits of the rice during and 
after cooking (Champagne et al., 1999, Tukomane and Varavinit, 2008). 
Fragrance is one of the most important characteristics of high quality rice (Kovach et al., 2009). 
Speciality rices, particularly the Jasmine-style varieties from Southeast Asia, are popular due to their 
aroma, which makes rice pleasurable to eat and increases its value in both domestic and export 
markets. Fragrance is defined by the “popcorn-like” volatile compound 2-acetyl-1-pyrroline (2AP) 
(Kovach et al., 2009, Daygon et al., 2016). However, several other volatile compounds, many of 
which are aldehydes and alcohols, contribute to the overall aroma of rice (Buttery et al., 1988, Widjaja 
et al., 1996, Calingacion et al., 2012, Griglione et al., 2015, Daygon et al., 2016). The contribution 
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of these other volatile organic compounds could provide a deeper understanding of the fragrant 
quality that Cambodian consumers prize.  
Volatile compounds can be identified with gas chromatography and mass spectrometry (GC-MS) 
(Buttery et al., 1988, Concepcion et al., 2015, Mumm et al., 2016, Daygon et al., 2016). The analysis 
of rice by GC-MS has revealed several odour-active volatile compounds that may provide the 
characteristic aroma of different rice varieties (Calingacion et al., 2012, Mumm et al., 2016). The 
presence of these volatile compounds may relate to the degradation of lipids, particularly the 
oxidation of fatty acids that are found on the surface of starch granules (Lam and Proctor, 2003), or 
inside the granules themselves (Zhou et al., 2003). In polished or milled rice, the fatty acid 
concentration is on average about 0.3–1.0% of the grain (Resurreccion and Juliano, 1975, Lam et al., 
2001). The presence of unsaturated fatty acids (UFA) in milled rice and the underlying chemistry 
behind the oxidation of these UFA into volatile compounds (Christie, 1973, Frankel, 1983, Velasco 
et al., 2010) suggests that a similar process could explain the formation of volatile flavour compounds 
in rice. Although many studies have shown that rice aroma is the product of a cocktail of volatile 
compounds, including 2AP and related heterocycles (Daygon et al., 2017), the association among 
other flavour-producing volatile compounds and the presence and concentration of fatty acids in rice 
remains unexplored. 
The overarching objective of this chapter is to identify the major quality traits that define premium 
Cambodian rice, in order to inform research towards the assembly of a panel of relevant traits for 
varietal selection in future breeding in Cambodia. In order to achieve these goals, we aimed to: (1) 
conduct the first investigation into the physical and textural properties of 40 Cambodian rice varieties; 
(2) identify the fatty acids, and aroma by untargeted profiling of volatile compounds in a subset of 
these varieties; and (3) explore potential relationships among the important volatile compounds and 
the amounts of fatty acids in the milled rice grains in those varieties that vary by fragrance and grain 
quality profiles. 
3.2 Materials and Methods 
3.2.1 Plant materials 
Forty Cambodian rice varieties (Appendix A-1) were grown in the wet season (July-November) of 
2012 at the Cambodian Agricultural Research and Development Institute (CARDI), Phnom Penh, 
Cambodia. The set included improved traditional varieties that were derived from single-seed 
selection from traditional varieties (five fragrant, 16 non-fragrant), improved varieties derived from 
crossing (one fragrant, 17 non-fragrant), and one traditional non-fragrant variety. Several of the 
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varieties are currently grown and consumed across Cambodia, and others are important for breeding 
purposes. 
Seeds from plants of each variety were harvested at physiological maturity (30-35 days after 
flowering) and then bulked. The harvested seeds were sun-dried until the moisture content reached 
12–14%. Twenty grams of paddy were dehulled as described previously (Fitzgerald et al., 2011). Ten 
grams of polished rice were ground to pass a 0.5 mm screen using a Cyclotec Mill (UDY Corp, USA), 
and stored at -80 °C until further analysis. Quality evaluation testing and untargeted profiling of 
volatile compounds were done separately at the International Rice Research Institute, Philippines and 
at the University of Queensland, Australia respectively. 
3.2.2 Measurement of grain physical traits and starch properties 
The physical traits of the grains were measured using the Cervitec 1625 Grain Inspector (FOSS, 
Hoganas, Sweden). The amylose content of milled rice flour was measured using the method by the 
International Organisation for Standardisation – ISO 6647:2011. Gelatinisation temperature (GT) was 
determined by alkali spreading value as previously described (Little et al., 1958) and gel consistency 
(GelCon) was determined according to Tran et al. (2011). Pasting properties of the rice samples were 
measured using the Rapid Visco Analyser (RVA 4, Newport Scientific) following the American 
Association of Cereal Chemists Method 61-02. RVA curves were analysed using Thermocline 
Software version 2.4 for Windows. Values for various points of the RVA curves were determined: 
peak viscosity, peak time, pasting temperature, trough viscosity, and final viscosity. Relationships 
between these points were calculated as previously defined (Champagne et al., 1999): breakdown 
(Trough – Peak), hot paste consistency (Final – Trough) and setback (Peak – Final). All the RVA 
parameters are reported in Rapid Visco Amylograph Units (RVU). 
3.2.3 GC-MS for derivatised fatty acid identification 
3.2.3.1 Lipid extraction 
Lipids were extracted from rice flour of eight out of nine varieties that underwent untargeted profiling 
of volatile compounds, according to a protocol described previously (Lim et al., 2012, Bligh and 
Dyer, 1959), with minor modifications. Briefly, rice flour (200 mg) was mixed with 500 L of cold 
chloroform/methanol (2:1, v/v) extraction buffer with 0.01% butylated hydroxytoluene. The samples 
were mixed, cooled on ice for 10 min and then remixed prior to centrifugation at 13447 g for 12 min. 
The supernatant was removed and the extraction step was repeated, combining both supernatants. 
Aqueous potassium chloride (0.75%; 500 µL) was added, and the lower chloroform phase evaporated 
at 40 °C for 2 h using the RVC 2-18 CD rotational vacuum concentrator (John Morris Scientific) prior 
to fatty acid derivatisation.  
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3.2.3.2 Fatty acid derivatisation 
Fatty acids in the oil extracts were derivatised (Lim et al., 2012), with modifications. An internal 
standard (5 L), containing 10 mg/mL heptadecanoic acid (Sigma-Aldrich, 95%) in isopropanol, and 
300 L extraction buffer solution, containing methanol with 2% sulfuric acid (v/v), was added to the 
dried oil extracts obtained from milled rice. Then, the samples were mixed and heated at 70 °C for 3 
h. Samples were then held at room temperature for 5 min, then 300 L 0.9% sodium chloride solution 
and 300 L hexane was added to each, followed by vortexing for 20 s and centrifugation at 3000 g 
for 3 min. Finally, 150 L of the upper hexane layer was transferred into a glass vial, and stored at -
20 °C prior to analysis by GC-MS. Samples were randomised before analysis. Fatty acid methyl ester 
(FAME) standards (Food Industry FAME Mix; Restek, Bellefonte, USA) (Appendix A-2) were also 
injected to verify the identity of fatty acids in the rice samples.  
3.2.3.3 GC-MS conditions 
Fatty acid methyl esters in each sample were identified using GC-MS-QP2010 Ultra (Shimadzu 
Instruments, Singapore). Samples were injected in split mode (0.3 µL, split ratio 10) with an initial 
temperature of 100 oC for 2 min, then ramped at 6 oC/min to 220 oC, and 3 oC/min to 250 oC. A DB-
23 column (Restek; 60 m length × 0.25 mm internal diameter × 0.25 µm film thickness; Restek, 
Bellefonte, USA) and helium as carrier gas (1.5 mL/min) were used. Mass spectra were acquired over 
35-500 atomic mass unit (amu) at ten scans per second. The identity and area of the FAME peaks in 
the samples were identified both by matching the retention time (s) with the FAME standards using 
GCMS Solutions software (Shimadzu Scientific Instruments) as well as by matching the mass spectra 
to the NIST2005 library.  
3.2.4 Metabolite profiling of volatiles 
Nine of the forty samples (milled rice flour), that showed the most variation for quality traits were 
selected for untargeted profiling of volatile compounds, using two-dimensional gas chromatography 
time-of-flight mass spectrometry (GC×GC-TOF-MS; LECO, Australia). Briefly, milled rice was 
cryoground with liquid nitrogen, and 1 g frozen flour was placed into a 10-mL auto sampler vial and 
the vial sealed and equilibrated at room temperature for 24 h before analysis. In order to develop the 
headspace, each vial was heated to 80 °C and agitated for 10 min. Volatile compounds were collected 
from the headspace (volume=1.5 mL) and injected. Instrument conditions were set as previously 
described (Daygon et al., 2016) using two columns: primary column (Agilent DB-624UI; 6% 
cyanopropyl phenyl, 94% polydimethyl siloxane; 30 m × 250 µm × 1.4 µm; Agilent, CA, USA); 
secondary column (Stabilwax crossbond polyethylene glycol; 0.9 m × 250 µm × 0.50 µm; Restek, 
Bellefonte, USA) and helium (99.9999%; flow rate=1mL.min-1) as carrier gas. The run included 
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blanks, quality assurance (QA) samples to ensure data quality, and quality control (QC) samples to 
account for any instrument drift. The QA samples were a mixture of all the samples, and were injected 
after every five samples. The QC sample was a commercial sample of fragrant Jasmine-type rice and 
injected at the beginning and end of the run. Preliminary data processing, which included peak finding 
and selection, peak deconvolution, noise reduction, identification of the library matches for individual 
compounds, and alignment of these detected compounds was done using ChromaTOF-GC Software 
v4.50.8.0 (LECO, Australia). Annotations with a library similarity match of ≥80% and a signal-to-
noise ratio of 100 were accepted. Analytical standards (Appendix A-3) were run to confirm retention 
time and library annotation. Compounds that could not be confirmed using analytical standards or 
whose mass spectra did not agree with the spectral data from Wiley Subscription Services, Inc. (US) 
mass spectral library were named as “analyte X” with the number X corresponding to their sequence 
post-data processing. Means of triplicate measurements were used for statistical analyses.  
3.2.5 Data analyses 
3.2.5.1 Quality evaluation traits 
Data from 19 quality traits were collected on the grains of the 40 rice varieties. The dataset included 
18 quantitative variables, which included grain physical traits and texture-associated traits, and one 
qualitative variable (GT by ASV) therefore, Multiple Factor Analysis (MFA) was conducted in order 
to identify the important and discriminating quality traits among the varieties. 
3.2.5.2 Fatty acid analysis 
Fatty acid composition in the rice lipid extracts was expressed as area percentage of total fatty acids 
relative to the peak area and concentration of the internal standard (C17:0, 10 mg/ml). To identify the 
characterising fatty acids between eight rice varieties, means of triplicate observations were taken, 
and analysed using PCA in SIMCA 14 (MKS Umetrics, Sweden). Variation in fatty acid 
concentrations between the varieties tested was also assessed using Multivariate Analysis of Variance 
(MANOVA) in R.  
3.2.5.3 Profiling of volatile compounds 
Compounds that were derived from the columns, known contaminants and those present in fewer 
than 50% of the QA samples were excluded from the analysis. The means of the peak area of 
remaining compounds per variety were taken, log-transformed and Pareto-scaled, then analysed by 
Principal Components Analysis (PCA) using SIMCA 14 (MKS Umetrics, Sweden). Odour threshold 
and descriptions of compounds were adapted from previous reports (Widjaja et al., 1996, Buttery et 
al., 1988, Buttery et al., 1999, Calingacion et al., 2012, Calingacion et al., 2015, Daygon et al., 2016) 
and alternatively in The Good Scents Company database (http://www.thegoodscentscompany.com). 
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In order to identify any associations between groups of volatile compounds, Hierarchical Clustering 
on Principal Components (HCPC) was carried out (SIMCA 14). Assignment of volatile compounds 
into groups was based on Euclidean distance dissimilarity and clustering, and calculated using Ward’s 
method. 
3.3 Results and Discussion  
Forty varieties of Cambodian rice were selected to screen for quality and aroma in order to define the 
most important of these traits as accurately as possible. 
3.3.1 Quality evaluation – grain physical traits and starch properties 
Grain quality encompasses the physical appearance of the grain, the aroma, taste and flavour, as well 
as texture of the rice grain after cooking (Calingacion et al., 2014). In order to identify the quality 
profiles of 40 Cambodian varieties, and to select a subset for profiling of volatile compounds and 
fatty acids, the quality traits of all 40 were assessed. Multiple factor analysis bi-plot and the variables 
loading plot of the quality data show that the varieties are diverse (Figure 3.1a-b). The first two 
dimensions of the MFA plot explain 25.5% and 19.5% of the variation in quality among the varieties, 
respectively. The subset consisting of improved traditional, fragrant varieties (red circles), including 
the popular variety Phka Rumduol (PRD), is separated from most of the other varieties along 
dimension 1 (Figure 3.1a). The separation is driven by two physical traits of the grain (grain length 
and degree of chalk) in dimension 1, and two RVA traits (peak viscosity and breakdown) in dimension 
1 and dimension 2. The pasting properties of rice, measured by the RVA are considered to be 
important determinants of cooked rice texture (Champagne et al., 1999, Aoki et al., 2006, Fitzgerald 
et al., 2003, Tukomane and Varavinit, 2008).  
Of the varieties tested, the two most different on the basis of grain quality were PRD and the 
traditional, non-fragrant variety Thmar Krem (TMK). The RVA curves of these two varieties show a 
large difference between them for the peak viscosity and breakdown (Figure 3.1c). By normalising 
the curves and expressing them as a proportion of the total viscosity, it is clear that the peak viscosity 
of PRD is much greater than that of TMK, while the trough viscosity is the same, indicating that the 
paste of PRD undergoes a much larger breakdown than the paste of TMK, and the hot paste 
consistency and final viscosity of TMK is higher than for PRD (Figure 3.1d), indicating a higher 
amylose content, firmer texture and higher likelihood of retrogradation for TMK (Tukomane and 
Varavinit, 2008).  
The RVA traits of peak viscosity and breakdown are negatively correlated with amylose content and 
hot paste consistency (Figure 3b). Peak viscosity indicates swelling properties of the starch granule. 
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The negative correlation with amylose could be due to amylose impeding swelling perhaps by 
leaching into the continuous, viscous phase of the paste and constraining granule expansion 
(Fitzgerald et al., 2003, Nguyen et al., 1998). Alternatively, if the amylose is insoluble, it could be 
acting as a tether between granules in the dispersed phase, preventing the granules from swelling 
(Aoki et al., 2006). Breakdown is the loss in viscosity between the peak and the trough due to shear 
(Fitzgerald et al., 2003). Hot paste consistency is the increase in viscosity from the trough to the final 
viscosity, and proceeds in cooling conditions, which promote aggregation and cross-linking of the 
matrix (Nguyen et al., 1998). The negative correlation between breakdown and hot paste consistency 
suggests that shear during breakdown of a highly swollen matrix, such as for PRD, leads to significant 
structural damage to the matrix, which is not reversible on cooling. While it is difficult to relate the 
structure of the matrix in an RVA canister to sensory quality, these results highlight that the features 
of the grains that lead to the peak viscosity and breakdown are significantly different between PRD 
and TMK, and thus RVA parameters can be proxies for sensory texture. 
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Legend: Chalk_0–10, grain translucency; Chalk_10–≥75, percent of chalkiness in grains; GL, grain length; 
GW, grain width; AC, amylose content; GT, gelatinisation temperature (L, low; I, intermediate; H, high); 
GelCon, gel consistency; PV, peak viscosity; TV, trough viscosity; BD, breakdown; FV, final viscosity; SB, 
setback; HPC, hot-paste consistency; PTime, peak time; PTemp, pasting temperature. 
 
  
Figure 3.1 Multiple Factor Analysis of Grain Quality traits in 40 Cambodian rice varieties. a) bi-
plot of qualitative and quantitative variables; Points represent individual samples coloured with 
reference to their heritage grouping; larger points with black outlines represent the mean values for 
each heritage group. Coloured ellipses represent the 95% confidence intervals for groups where 
these are calculable, i.e., where sample size >1. Orange triangles represent mean factor scores in 
correspondence analysis for groupings by the qualitative trait gelatinisation temperature (GT), 
orange lines representing the 95% CI for these groups where calculable; b) loadings plot for 
quantitative variables from PCA component of Multiple Factor Analysis; c) rapid visco analysis 
curve (RVA) normalised of two traditional Cambodian rice varieties, Phka Rumduol (PRD) and 
Thmar Krem (TMK) harvested in 2012 wet season at the Cambodian Agricultural Research and 
Development Institute, Cambodia; and d) normalised RVA curve of PRD and TMK. 
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3.3.2 Oxidation of fatty acids in milled rice: Flavour contributors? 
Figure 3.2 shows the fatty acids identified in milled rice that account for at least 0.1% of total fatty 
acids. These include the following: seven saturated (C12:0–C24:0), four monounsaturated (C16:1n-
7, C18:1n-9, C18:1n-7 and C20:1n-9) and two polyunsaturated fatty acids (PUFA) (C18:2n-6, 
C18:3n-3). Gamma linolenic acid (C18:3n-6) was also detected in minute concentrations (≤0.01%). 
Principal components analysis shows that the major variation in the amount of fatty acids is explained 
by PC1 and PC2 at 49.1% and 27.4%, respectively (Figure 3.2). Moreover, MANOVA results 
indicate that there are statistically significant differences in the concentrations of two PUFA — oleic 
acid (C18:1n-9) and linoleic acid (C18:2n-6) — as well as of palmitic acid (C16:0) (Table 3.1). 
Unsaturated fatty acids C18:1n-9 and C18:2n-6 are the major FFA produced during lipid hydrolysis 
in rice, and most of the volatile components in milled rice are the breakdown products of their 
monohydroperoxides (Christie, 1973, Lam et al., 2001, Velasco et al., 2010, Frankel, 1983, Lam and 
Proctor, 2003, Frankel, 2012). Homolytic β-scission of alkoxy radicals derived from allylic 
hydroperoxides (OOH) gives rise to aldehydes, hydrocarbons and alcohols, and an alkyl or alkenyl 
radical. Further interactions of alkyl and alkenyl radicals with hydrogen and hydroxyl radicals yield 
hydrocarbons and alcohols, respectively (Frankel, 2012). The differences in UFA contents in the 
varieties tested signal a link between the amounts of these fatty acids and the amounts of volatile 
compounds that are formed in the course of their degradation.  
 
 
Figure 3.2 Principal components analysis (a) scores plot of eight Cambodian rice varieties and the 
(b) loadings plot of different fatty acids detected in their milled rice flour using gas chromatography-
mass spectrometry. 
  
a) b) 
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Table 3.1 Mean levels of fatty acids (± CI) that are significantly different among the eight Cambodian 
rice varieties. 
Variety 
C16:0 C18:1n-9 C18:2n-6 
LCL UCL Mean* LCL UCL Mean* LCL UCL Mean* 
Phka Rumchang 21.31 21.76 21.54bc 36.57 37.02 36.80e 34.16 34.61 34.16b 
Phka Rumduol 21.81 22.26 22.04cd 36.51 36.96 36.74e 33.81 34.26 34.04b 
Phka Rumdeng 21.65 22.10 21.87cd 36.61 37.07 36.84fe 33.69 34.14 33.92b 
Phka Rumcheck 22.33 22.78 22.55d 35.29 35.74 35.51cd 34.47 34.92 34.70c 
Phka Romeat 20.49 20.94 20.72b 36.12 36.58 36.35de 35.15 35.60 35.38c 
Sen Pidao 23.90 24.35 24.13e 34.85 35.30 35.07bc 32.39 32.84 32.61a 
Phka Chan Sen Sar 19.36 19.81 19.58a 33.54 33.99 33.76a 39.55 40.00 39.71e 
Thmar Krem 21.09 21.54 21.31bc 34.21 34.66 34.43ab 36.91 37.36 37.13d 
 
*Difference in letter in the same column denotes significant difference at p≤0.05. P value adjustment 
was done using Tukey’s method for comparing a family of eight estimates. 
CI: confidence interval; LCL: lower confidence limit; UCL: upper confidence limit 
 
3.3.3 Volatile compounds 
Untargeted profiling of the volatile compounds using GC×GC-TOF-MS identified 231 compounds 
that were emitted from nine Cambodian rice varieties. This number was reduced to 157 compounds 
(Appendix A-4), after comparison with quality assurance standards. Of these, 14 are aldehydes (10 
saturated, one unsaturated, three cyclic); 17 are alcohols (12 saturated, five unsaturated); 10 ketones 
and a ketone-derivative, four nitrogen (N)-containing compounds; two sulfur (S)-containing 
compounds; six furans, six esters and carboxylic acids; and the remainder are hydrocarbons and 31 
unannotated compounds (Appendix A-4). Multivariate data analysis of the volatile compounds shows 
that two principal components (PC1 and PC2) explain 61% of the variation among the varieties 
(Figure 3.3).  
A hierarchical cluster analysis loadings scatter plot of the 157 compounds at PC1 (47.3%) shows that 
there are two super clusters that explain the presence and distribution of volatile compounds in the 
rice samples (Figure 3.3b). The plot showed 40 compounds in group 1, which are the most 
characterising of the fragrant varieties (Table 3.2), whereas group 2 consisted of the remaining 
compounds (Figure 3.3b). The characteristic odours and reported odour thresholds of some of the 
compounds in group 1 are summarised in Table 3.2. Most of these are desirable aromas of bready, 
nutty and malty to fruity and herbal odours (Widjaja et al., 1996, Buttery et al., 1988, Buttery et al., 
1999, Calingacion et al., 2012, Calingacion et al., 2015, Daygon et al., 2016). Based on the PCA 
loadings values at PC1, group 1 was dominated by N-containing compounds, aliphatic aldehydes, 
aliphatic ketones as well as 2-alkyl furans (Table 3.2; Figure 3.3b), which all produce flavour. Among 
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these compounds was 2AP, derived biochemically from putrescine catabolism (Bradbury et al., 2008) 
(Table 3.2). Tukey’s pairwise comparison of the mean compound peak of the varieties at 95% 
confidence level shows that the improved traditional, fragrant rice varieties have significantly higher 
levels of 2AP compared to the other varieties in the set (Table 3.3; Appendix A-5). The improved 
fragrant variety Sen Pidao contained less 2AP than the other fragrant varieties, suggesting inherent 
varietal differences for the amount of 2AP in the grains. Other N-containing, odour-active 
heterocycles found to be more characterising for the fragrant varieties were pyrrole and 6M5OTP 
(Table 3.3), which also suggest their relevance to the aroma of fragrant rice varieties. These 
compounds have been detected in other studies of fragrant rice (Buttery et al., 1999, Daygon et al., 
2016) and have been shown to be interrelated through a common pathway (Daygon et al., 2017). 
Several lipid-derived volatile compounds were identified in this study and among them were 
aldehydes, which are known odour-exhibiting compounds found in many plant and food products, 
including rice and in particular, fragrant rice (Widjaja et al., 1996). In this study, we found several 
odour-active saturated aldehydes (Table 3.2). Pentanal, hexanal, heptanal, octanal, nonanal and 2-
heptenal are odour-producing compounds in rice, and are found in higher concentrations in fragrant 
varieties (Calingacion et al., 2012). These aldehydes can be derived from the oxidation of FFA by 
conversion first to hydroperoxides (OOH), and then as secondary products of further oxidation 
(Frankel, 1983, Lam and Proctor, 2003, Zhou et al., 2003, Frankel, 2012). The oxidation products of 
oleic acid hydroperoxides (OOOH) are nonanal, derived from 9-OOOH and 10-OOOH and octanal 
from 11-OOOH. On the other hand, linoleic acid hydroperoxide (LOOH) decomposition products are 
hexanal (13-LOOH), heptanal (11-LOOH) and 2-heptenal (12-LOOH) (Frankel, 1983, Lam and 
Proctor, 2003). The increased concentrations of these aldehydes in fragrant varieties indicate their 
important role in characterising the aroma of fragrant and non-fragrant rice. 
The alcohols are known secondary products of UFA oxidation, formed from the further breakdown 
of aldehydes. Among characterising compounds for fragrant rices were nine aliphatic alcohols (three 
monounsaturated and six saturated). Of these, 1-pentanol is derived from linoleic acid oxidation 
(Table 3.2). The contributions of these alcohols are indicative of their importance in differentiating 
the aroma of fragrant from non-fragrant rice varieties. 
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Five aliphatic ketones are characterising for the fragrant varieties, including 2-heptanone, 2-
pentanone and 2-hexanone, which have fruity and floral aromas, and 3-hydroxy-2-butanone, which 
has a buttery aroma. These compounds have been previously reported in fragrant rice (Buttery et al., 
1988, Widjaja et al., 1996, Buttery et al., 1999, Calingacion et al., 2012, Hinge et al., 2015, Daygon 
et al., 2016). 2-Heptanone is a product of linoleic acid oxidation (Wilkens and Lin, 1970) (Table 3.2). 
Another compound 2,3-butanedione, which is derived from glucose degradation and has a strong 
buttery aroma (Yaylayan and Keyhani, 1999), was also identified in the samples (Appendix A-4). 
Other ketones were putatively identified in the rice samples: acetophenone, 2-butanone and 6-methyl-
5-hepten-2-one with aromas of caramel, ethereal notes and citrusy, respectively (Appendix A-4).  
 
 
The furans are among the most abundant heterocyclic compounds in thermally processed foods with 
their primary sources being carbohydrates (Adams et al., 2011). Among the furans, 2-alkyl furans, 
especially those with longer alkyl side chains, are common among the flavour-producing volatile 
compounds derived from lipid degradation (Min et al., 2003). Several studies have reported the 
presence of 2-alkyl furans in different rice varieties (Buttery et al., 1999, Calingacion et al., 2012, 
Hinge et al., 2015, Daygon et al., 2016). In a study of fragrant and non-fragrant Lao PDR rice 
varieties, the alkyl furans — 2-n-butyl furan, 2-pentyl furan and 2-propyl furan — were more 
abundant in the fragrant varieties (Calingacion et al., 2012). A study of basmati and non-basmati rice 
cultivars also identified 2-pentyl furan as one of the most important contributors to aroma (Hinge et 
al., 2015). Moreover, 2-n-butyl furan and 2-pentyl furan were among the primary contributors to the 
unique nutty, roasted aroma of cooked wild rice (Cho and Kays, 2013) and 2-ethyl furan was 
identified to be discriminating for the indica type rice varieties (Daygon et al., 2016). In the current 
study, we putatively identified 2-methyl furan along with those alkyl furans identified previously, as 
a) b) 
Figure 3.3 Principal components analyses of volatile compounds in nine Cambodian rice varieties. 
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a characterising compound for fragrant rice varieties (Table 3.2). These 2-alkyl furans can form from 
the oxidation of lipid-derived α,β-unsaturated aldehydes (Adams et al., 2011). These findings suggest 
that the 2-alkyl furans are a group of compounds that contribute to the distinct aroma in fragrant rice 
varieties. Hydrocarbons are known secondary products of UFA oxidation (Frankel, 2012). In this 
study, the hydrocarbons identified included short-chain alkanes, terpenes and aromatic compounds 
(Appendix A-4). Of these, five were among the most characterising for fragrant rices, including 
heptane, α-phellandrene and three other compounds without odour descriptions (Table 3.2).  
Terpenes including α-pinene, cymene, aromandendrene, β-caryophyllene and limonene were 
putatively identified in the rice samples; however, α-phellandrene was one of the most characterising 
compounds for fragrant rices (Table 3.2). Although these compounds are part of plant metabolism, 
their synthesis is not related to lipid oxidation. The other set of volatiles were the S-containing 
compounds dimethyl disulfide and dimethyl trisulfide. These compounds were not among those 
characterising for fragrant rices, but instead for non-fragrant ones (Figure 3.3). Dimethyl trisulfide 
has been associated with unpleasant odours in cooked rice (Daygon et al., 2016) and rice cakes 
(Buttery et al., 1999).  
Lastly, five esters were detected in the rice samples (Appendix A-4); however, none of these 
compounds were characterising in fragrant varieties (Table 3.2). Instead, 2-hexenoic acid methyl ester 
was the most characterising for the non-fragrant rices (Figure 3.3b). Esters are among the UFA 
degradation products that appear at the late stages of the oxidation process. These compounds could 
come from the reactions taking place between the previously formed alcohols and acids (Goicoechea 
and Guillén, 2014).  
Given that the concentration of linoleic acid is higher in non-fragrant rices, one explanation might be 
that non-fragrant rice is more likely to go rancid than fragrant rice, however, volatile oxidation 
products are higher in peak area in fragrant rices compared to non-fragrant rices. This apparent 
contradiction suggests a complex pathway of lipid breakdown involving β-oxidation or via the action 
of lipoxygenase enzymes, in addition to other chemical-based pathways.  
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Table 3.2 The most characterising volatile flavour compounds in the headspace of fragrant varieties, 
their retention times, covariance scores at the first dimension derived from principal components 
analysis, odour description and threshold. 
Compound Name 
Molecular 
Formula 
PC1 Odour description 
Odour 
threshold in 
water (ppb) d 
2-Acetyl-1-pyrroline adefghi C6H9NO 0.348 popcorn d, sweet e, pandan j 0.1 
6-methyl-5-oxo-2,3,4,5-
tetrahydropyridine k 
C6H9NO 0.324 popcorn j   
Analyte 76  0.322     
4-Nonene k C9H18 0.181     
2-Propyl furan big C7H10O 0.167 fruity c 6000 
2-Ethyl furan bj C6H8O 0.164 beany, bready j 6 
2-Hexanone beg C6H12O 0.151 fruity ce   
2-Heptanone adeghi C7H14O 0.149 fruity, floral d 
4-Hexen-1-ol b C6H12O 0.141 green c   
2-n-Butyl furan bghi C8H12O 0.140 fruity, wine c 
1-Pentanol adefgj C5H12O 0.136 fusel-like oil d, plastic g 4000 
2-Pentanone be C5H10O 0.135 fruity c   
Analyte 66  0.135     
Hexanal adefghij C6H12O 0.129 grass g 5 
1-Propanol C3H8O 0.123     
1-Hexanol deghij C6H14O 0.123 grassy j 2500 
2-Pentyl furan aehi C9H14O 0.123 nutty, beany e   
Analyte 39  0.122     
Analyte 44  0.120     
Hexadecane be C16H34 0.118     
3-Hydroxy-2-butanone afj C4H8O2 0.114 dairy, milk, butter j   
2-Penten-1-ol bg C5H10O 0.111 green c   
Heptane a C7H16 0.108 sweet, ethereal c   
2-Methyl furan ab C5H6O 0.106 chocolate c   
2-Heptenal adeik C7H12O 0.105 herbaceous e 13 
Pentanal adfgh C5H10O 0.104 fermented c, floral g 12 
1-Nonanol bde C9H20O 0.101 floral c 50 
Pyrrole afj C4H5N 0.098 nutty c   
Isopropylcyclobutane b C7H14 0.098     
1-Heptanol ag C7H16O 0.093 green c, citrus g   
Analyte 54  0.092     
α-Phellandrene bi C10H16 0.092 terpenic, herbal c   
3-Methyl-1-butanol b C5H12O 0.086 fermented c   
Heptanal adefhi C7H14O 0.086 fruity, fatty e 3 
Analyte 113  0.085     
Analyte 114  0.085     
Octanal adefhi C8H16O 0.085 slightly fruity e 0.7 
2-Methyl-1-propanol b C4H10O 0.084 ethereal, winey c   
2-Octen-1-ol b C8H16O 0.078 green vegetable c 
Nonanal adegj C9H18O 0.077 floral, fruity e 1 
a Compound identity confirmed by comparison with mass spectra and retention time of analytical standards 
b Compound putatively identified; mass spectrum agrees with spectrum in Wiley Subscription Services, Inc. (US) mass 
spectral library 
c Odour description derived from the Good Scents Company website (http://www.thegoodscentscompany.com)  
d Odour threshold derived from Buttery et al. 1988 
These compounds were previously reported in rice: d Buttery et al. 1988; e Widjaja et al. 1996; f Buttery et al. 1999; g 
Calingacion et al. 2012; h Cho and Kays 2013; i Calingacion et al. 2015; j Daygon et al. 2016; k Daygon et al. 2017 
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Table 3.3 Mean peak areas of 2-acetyl-1-pyrroline (2AP), pyrrole, and 6-methyl-5-oxo-2,3,4,5-
tetrahydropyridine (6M5OTP) (± SD) identified in the headspace of Cambodian rice varieties. 
Variety Fragrance 2AP ± SD* Pyrrole ± SD* 6M5OTP ± SD* 
Phka Rumchang Fragrant 76753 ± 17749a 13772 ± 6273a 17104 ± 3453a 
Phka Rumduol Fragrant 72540 ± 2185a 12444 ± 519a 15938 ± 1847a 
Phka Rumdeng Fragrant 42598 ± 5262b 9472 ± 1354abc 11321 ± 3043b 
Phka Rumcheck Fragrant 60054 ± 3675ab 12899 ± 1070a 14160 ± 995ab 
Phka Romeat Fragrant 51645 ± 10242b 9574 ± 3214ab 9320 ± 1029bc 
Sen Pidao Fragrant 15780 ± 1221c 12979 ± 875a 5034 ± 359cd 
Phka Chan Sen Sar Non-fragrant 0 ± 0c 5429 ± 1116bc 0 ± 0d 
Rohat Non-fragrant 0 ± 0c 4655 ± 280c 0 ± 0d 
Thmar Krem Non-fragrant 0 ± 0c 5329 ± 137c 0 ± 0d 
 
SD: standard deviation of the mean of volatile compounds in each of the nine varieties. 
*Difference in letter in the same column denotes significant difference at p≤0.05. P value adjustment was done using 
Tukey’s method for comparing nine varieties with triplicate measurements. 
3.4 Conclusions  
This research was able to identify the key quality attributes of high quality rice by assessing a panel 
of Cambodian rice varieties. We have shown that the traits that discriminate the popular subset of 
traditional fragrant rices are grain length, translucency, AC, PV and BD. These are promising traits 
that can be translated into markers for rice breeding, with further exploration using genetic tools. 
Using untargeted headspace profiling, key volatile compounds that make up the fragrance of that 
subset of varieties were identified and enabled us to investigate the role of lipids, particularly the role 
of unsaturated fatty acids and their potential oxidation products. Fragrant varieties were characterised 
by the presence of 2AP, its derivatives, and volatile compounds derived from the oxidation of oleic 
acid and linoleic acid, the two most abundant unsaturated fatty acids in milled rice. Further work is 
necessary to identify whether the key compounds characterising fragrant rices are products of 
autoxidation and/or a consequence of genetic variation in order to develop biomarkers that are useful 
for varietal selection and improvement. 
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 Identifying the genetic determinant of rice grain 
textural quality using a diverse set of varieties and a 
recombinant-inbred population 
Chapter Abstract. The texture of freshly cooked rice traditionally relates to the amount of amylose 
and amylopectin present in the grain and of which are genetically controlled. Molecular markers for 
rice grain textural traits are essential for efficiently breeding high quality rice that match consumer 
preference. With numerous studies arising to identify relevant correlations among textural traits, 
consensus has not always been achieved. This research therefore seeks to identify the relationships 
between the most widely studied markers for rice grain texture, the Waxy (Wx) gene markers in a 
diverse set of varieties and in a recombinant-inbred rice mapping population derived from a premium 
quality Jasmine-style rice Phka Rumduol (PRD) and an inferior variety, Thmar Krem (TMK). This 
RIL population was genotyped for single nucleotide polymorphisms (SNPs). Phenotyping data 
included apparent amylose content, gelatinisation temperature, gel consistency, and rapid visco 
analyses traits. Quantitative trait loci (QTL) mapping identified several QTLs, aside from the Wx 
markers, for all traits of textural quality. QTL analysis revealed large-effect QTLs for AAC, GT and 
all of the pasting properties. Putative genes for these QTLs relate back to the starch biosynthesis 
pathways. Major QTLs for AAC, colocalised to the Wx gene and starch synthase IIa (SSIIa) genes 
on chromosome 6. Minor QTLs on chromosomes 3 and 8 were identified for AC, SB, PV and HPC, 
and at chromosomes 4 and 7 for GT and pasting temperature (PTemp). This chapter has shown that 
rice texture is regulated by multiple genes and that although correlations do exist among the routinely 
measured textural traits, these correlations may not necessarily translate into the already existing 
molecular markers. Taken together, this chapter provides new insights into the genetic basis of these 
quality traits and the panel of markers that can be used to screen for high quality rice. 
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4.1 Introduction 
Rice grain quality is one of the most critical aspects of rice breeding programs. Rice quality is defined 
by its physical, cooking, and organoleptic properties (Juliano et al., 1964, Fitzgerald et al., 2009b) 
and more recently nutritional properties (Fitzgerald et al., 2011). Classification of rice (Oryza sativa 
L.) varieties into quality grades depends primarily on consumer acceptance (IRRI, 1991, Juliano, 
2001, Minten et al., 2013, Calingacion et al., 2014), which feeds back into implementation by traders 
and vendors, and finally to the adoption of a new variety by growers. Essential indicators of textural 
properties of cooked rice such as apparent amylose content (AAC) (Khush and Juliano, 1985, Kumar 
and Khush, 1987), gelatinisation temperature (GT) (Cuevas et al., 2010), gel consistency (GelCon) 
(Cagampang et al., 1973, Tian et al., 2009, Tran et al., 2011), and pasting properties (Fitzgerald et 
al., 2003) are measured using rice grains. Amylose content and GelCon are used to predict the rice 
quality in early-generation materials, when limited amounts of samples are available (Webb, 1991). 
At the later stages of breeding programs, pasting properties derived from a rapid visco analyser 
(RVA) are measured to further understand the cooking and eating properties of mature rice samples 
(Fitzgerald et al., 2003). These phenotyping techniques, however, can only be performed on rice 
grains, posing a delay in the process of identifying traits. Fortunately, molecular markers have been 
developed for different traits of quality in order to hasten the phenotyping process, by allowing 
breeders to select for important traits at the early growth stages of the rice plant.  
In recent years, molecular markers have greatly aided breeding programs by allowing breeders to 
select for their trait of choice at the early stages of the rice plant. Several QTLs and functional markers 
have been reported for rice grain length (Fan et al., 2006, Wang et al., 2011, Zeng et al., 2016), grain 
width (Song et al., 2007, Wan et al., 2008, Weng et al., 2008), chalk (Zhao et al., 2015) and textural 
traits (Chen et al., 2008a, Chen et al., 2008b, Cuevas and Fitzgerald, 2012) and aroma (Bradbury et 
al., 2005a). With amylose being the predominant starch polymer in rice (Fitzgerald et al., 2009a), 
several genetic and molecular studies have been done to define the role of amylose in rice quality 
(Lugay and Juliano, 1965, Ward et al., 2006, Park et al., 2007, Koroteeva et al., 2007). Amylose is 
controlled by the Waxy (Wx) gene (Nelson and Rines, 1962, Sano, 1984, Yang et al., 2014a)), 
encoding granule-bound starch synthase (GBSS1), an enzyme that plays a significant role in amylose 
synthesis in plants (Smith et al., 1997). Mutations in the Wx gene that are associated with various AC 
classes in rice germplasm collections were studied in order to develop molecular markers that could 
be used in marker-assisted selection (MAS) (Mikami et al., 1999, Wanchana et al., 2003, Hori et al., 
2007, Chen et al., 2008a, Chen et al., 2008b, Inukai et al., 2000, Mikami et al., 2008). Aside from 
these mutations in Wx gene, a microsatellite RM190 [(CT)n] allele repeat sequence of varying lengths 
is reported to associate with AAC in non-glutinous rice germplasm in the U.S. (Ayres et al., 1997) 
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and in the Philippines (Roferos et al., 2008). Aside from AAC, the Wx loci has also been associated 
with GelCon (soft and hard gel) via a SNP on its 10th exon (Tran et al., 2011). While it is intuitively 
clear that functional SNPs on Wx gene will associate with amylose content, there are many studies 
that associate amylose content with many other traits of rice quality. For example, Yang et al. (2014a) 
reported that among inbred non-waxy rice lines, high AC tended to combine with low GT, 
intermediate AAC have either high or intermediate GT, and low AAC varieties tended to have high 
or low GT. RVA traits, specifically PV, TV and FV, have been routinely measured to assess starch 
texture and this mainly because of their existing significant correlations with amylose content. (Bao 
et al., 2004) reported that amylose content is significantly correlated with all other RVA parameters 
except PV. Varavinit et al. (2003) reported that AAC is negatively correlated with PV and BD (PV-
TV) among low amylose rice starch and positively correlated with SB (FV-PV) and pasting 
temperature (PTemp). This negative correlation between AAC and PV, FV and TV was also reported 
among high AAC rices in a study of diverse rice types grown in Japan (Allahgholipour et al., 2006). 
Interestingly, PV and TV were also negatively correlated with AAC among low AC rices, whereas 
FV was positively correlated. Similar results were identified in a study of US-grown diverse rice 
varieties, which showed that AAC is negatively correlated with PV and TV but was positively 
correlated with FV (Chen et al., 2008b). If such associations correlate strongly, it could therefore be 
necessary to measure only amylose. These inconsistencies in the correlations between AAC and GT 
and AAC and RVA traits poses further inquiry into the role of amylose content relative to the other 
texture traits. Further, if the association between SNPs on the Wx gene and AAC and GelCon, and 
between AAC and pasting properties, the SNPs could also probably be able to predict other textural 
indicators of cooked rice aside from AAC. Hence, to test the strength of associations between amylose 
content two sample sets were used — a diverse set of 106 rice varieties, selected on the basis of 
diversity for quality, and a mapping population derived from traditional Cambodian varieties Phka 
Rumduol (PRD) and Thmar Krem (TMK), which displayed contrasting grain quality as described in 
Chapter 3. The main objectives of this paper are: (1) to identify relationships between the SNP 
haplotypes of the Wx gene and the phenotypes such as AAC, instrumental texture measurements, and 
RVA properties; (2) to identify the genetic basis of these phenotypes using a rice mapping population; 
and (3) to identify relationships among these texture-related traits in rice in order to identify the role 
of amylose in rice overall quality. This is the first QTL mapping study on the textural properties of 
Cambodian rice. 
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4.2 Materials and Methods 
4.2.1 Plant materials 
The experimental materials consisted of two sets of samples. First is a set of 106 diverse traditional 
rice varieties (Appendix B-1) from the TT Chang Genetic Resources Centre of the International Rice 
Research Institute (IRRI). The second set is a rice mapping population of 312 F6 recombinant-inbred 
lines (RIL) derived from two traditional indica rice varieties originating from Cambodian — PRD 
and TMK. The first sample set was selected based on diversity for quality, texture, and RVA. PRD is 
known as the “best rice in the world” (irri-news.blogspot.com, 2014) and is widely grown in urban 
and rural Cambodia for export, whereas TMK is mostly grown by farmers for home consumption, 
respectively. It was shown previously that among Cambodian rice varieties analysed, these two 
varieties show the highest diversity for rice quality (Chapter 3). 
Seeds of the diverse set of varieties were grown in the experimental field at IRRI, Los Baños, Laguna, 
Philippines (14°13’N latitude, 121°15’E longitude, and at an altitude of about 21 m above mean sea 
level) during the wet season of 2012, whereas the mapping population was grown in the experimental 
field of the Cambodian Agricultural Research and Development Institute (CARDI), and was managed 
under regular crop management procedures in the wet season of 2013. Both sample sets were planted 
in a randomised complete block design with regular water and fertilizer management. Rice grains 
were harvested at physiological maturity. The harvested paddy from each variety was dehulled 
(Satake Rice Machine, Tokyo), milled (Grainman 60-230-60-2AT, Grain Machinery Mfg. Corp., 
Miami, FL), and a sub-sample was ground to ﬂour (Udy Cyclone Sample Mill 3010–030, Fort Collins, 
CO) to pass through a 0.5-mm sieve for AC, RVA and GT analyses. 
4.2.2 DNA extraction and normalisation 
Genomic DNA was extracted from 15-day old seedlings using the method described previously 
(Murray and Thompson, 1980). Fresh leaf tissue, instead of freeze-dried leaf sample, was 
homogenised using mortar and pestle in liquid nitrogen prior to addition of extraction buffer. 
Contaminant RNA was digested by RNase A (Invitrogen, USA) at 37 °C for 30 min. The quantity 
and quality of extracted DNA were determined using the ND-1000 Spectrophotometer (NanoDrop 
Technologies, Inc., DE 19810 USA) and by electrophoresis using 1% agarose gel (Laboratorios 
CONDA, La Forja, Madrid, Spain) in 1x TBE buffer (1M Tris, 1M Boric acid and 0.5M EDTA in 
RO water). 
4.2.3 Genotypic characterisation 
In this chapter, two types of molecular markers were used to characterize the 106 samples in the 
diverse collection: (1) microsatellite markers, repeated RM190 [(CT)n] allele of varying lengths, at 
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the transcriptional splice site of the Wx gene (Ayres et al., 1997, Cai et al., 1998); and (2) single 
nucleotide polymorphisms (SNPs) (Larkin and Park, 2003, Wanchana et al., 2003, Fitzgerald et al., 
2011). The adenine/cytosine single nucleotide polymorphism in Wx exon 6 (Wx Ex6A/C SNP) 
(Mikami et al., 1999, Mikami et al., 2008, Chen et al., 2008a, Chen et al., 2008b) were genotyped 
using allele-specific primers according to the methods described by Fitzgerald et al. (2011). The 
guanine/thymine SNP at the putative 5’ leader intron splice-junction of the Wx locus (Wx In1G/T 
SNP) was detected following protocols and using primer sequences published previously (Ayres et 
al., 1997, Cai et al., 1998, Bligh et al., 1998). The 23-bp duplication at Wx exon 2 (Wx Ex2 
duplication) was genotyped following previously published procedures (Wanchana et al., 2003, Jeng 
et al., 2009). The cytosine/thymine single nucleotide polymorphism in Wx exon 10 (Wx Ex10C/T 
SNP) was genotyped as described by (Tran et al., 2011). SNPs in SSIIa in the 106 diverse rice 
varieties were genotyped as previously described (Cuevas et al., 2010). 
For primers in exon 6 of the Wx gene, PCR was carried out in 10-µL reactions containing the 
following: 10 ηg genomic DNA, 10x PCR buffer (iNtRON Biotechnology, Incorporated, South 
Korea), 2.5 mM deoxynucleoside triphosphates (dNTPs) (iNtRON Biotechnology, Incorporated, 
South Korea), 25 mM magnesium chloride, 10 µM each of forward and reverse primers, 1.2 mM 
primer, and 0.5 units of Taq DNA polymerase (Intron, Shiga, Japan). Amplification of the targeted 
regions was performed using a G-Storm Thermal Cycler (model GS1, Gene Technologies Ltd, Essex, 
UK) using the following cycling conditions: 94 °C for 5 min, 35 cycles of denaturation (94 °C for 30 
s), annealing (67 °C for 45 s) and elongation (72 °C for 30 s), and a final extension of 72 °C for 10 
min. Visualization of PCR products of allele-specific markers for Wx intron 1 and exons 2, 6 and 10 
was carried out in 2% native agarose gel in 1xTBE, electrophoresed at 100V for 35 min; while the 
(CT)n repeats were visualised via polyacrylamide gel electrophoresis exactly as described previously 
(Bergman et al., 2001). The molecular sizes of the amplification products were estimated using a 100-
bp ladder (Invitrogen, Carlsbard, CA, USA). The gels were stained with SYBR Safe (Invitrogen, 
Carlsbad, CA, USA) solution for 30 min, then, observed and photographed using a UV-
transilluminator (Alpha Imager HP System, Santa Clara, CA, USA). Bands were scored manually, 
and haplotypes were determined. After genotyping, the varieties were organised into haplotypes 
based on SNPs in the Wx gene, in order to determine whether AC associated with the haplotypes and 
the range of values within each class. Secondly, the varieties were grouped by SNP haplotypes in the 
SSIIa gene (Cuevas et al., 2010) to confirm the association between AC and GT.  
For the genome-wide SNP genotyping of the PRD×TMK mapping population, the final concentration 
of the DNA samples was normalised to 50 ng/μL. SNP genotyping was carried out using Illumina’s 
Infinium 6K SNP bead chip (customised for Indica-Indica) at the International Rice Research 
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Institute’s Genotyping Services Lab. Markers that did not amplify for both parents were removed. 
Polymorphic markers between PRD and TMK were used for QTL analyses. 
4.2.4 Phenotypic characterisation 
The amylose content of milled rice flour was measured using the method by The International 
Organisation for Standardisation – ISO 6647:2011 (International, 1999). Gelatinisation temperature 
was measured by differential scanning calorimetry as previously described (Cuevas et al., 2010) and 
gel consistency was determined according to Tran et al. (2011). Paste viscosity properties were 
measured in triplicate using the Rapid Visco Analyser (RVA 4, Newport Scientific) and following 
the AACC Method 61-02 (American Association of Cereal Chemists, 2000). RVA curves were 
analysed using Thermocline Software version 2.4 for Windows. Values for various points of the RVA 
curves were determined: peak viscosity (PV), trough viscosity (TV), and final viscosity (FV). 
Relationships between these points were also calculated as previously defined (Champagne et al., 
1999, Fitzgerald et al., 2003): breakdown (BD=PV-TV), hot paste consistency (HPC=FV-TV), and 
setback (SB=FV-PV).  
In order to measure texture, 25 polished rice grains were washed three times and then soaked in a test 
tube containing 20 mL water (Millipore) for 30 min at room temperature, after which, the tubes were 
heated in a boiling water bath for 10 min. The water was then drained. Three cooking replications 
were conducted. Texture profile analysis (TPA) of the cooked rice samples was conducted in triplicate 
with a TA.XT-Plus texture analyser (Stable Micro Systems Ltd., Surrey, UK) equipped with a 
cylindrical probe (35 mm diameter). Strain was set at 90% and test speed at 0.5 mm/s. Texture was 
measured three times per cooking replicate, with three grains per measurement. Hardness (HRD) and 
adhesiveness (ADH) were recorded while cohesiveness (COH) and springiness (SPR) were 
calculated as previously defined (Bourne, 2002). These texture traits are defined as follows: HRD is 
the force required to bite through the sample with the molars; COH is the degree to which the rice 
grains deform rather than crumble, crack, or break when biting with molars; ADH is the degree to 
which the kernels adhere to each other and to the surface of the probe, while SPR is the degree grains 
return to original shape after partial compression (Meullenet et al., 2000). In order to assess the 
distribution of physical quality of the RIL mapping population, physical traits such as degree of chalk, 
grain length and grain width were measured using the Cervitec 1625 Grain Inspector (FOSS, 
Hoganas, Sweden). 
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4.2.5 Statistics 
4.2.5.1 Quality evaluation data 
Phenotypic and genotypic data of the 106 diverse varieties were analysed together through a Principal 
Components Analysis (PCA) using SIMCA 14 (MKS Umetrics, Sweden). The 19 quality traits were 
assigned as quantitative variables, while the Wx, SSIIa, and (CT)n markers were indicated as 
qualitative variables. PCA was also carried out to characterise PRD, TMK and their 312 F6 RILs 
using 19 quantitative traits, which were linear transformed and univariate scaled prior to PCA. 
Correlation analyses, analysis of variance (ANOVA), associated post-hoc tests, and the creation of 
box-plots were carried out using R version 3.4.4.  
4.2.5.2 QTL identification 
QTL analyses was done using Trait Analysis by Association, Evolution and Linkage (TASSEL; 
version 5.2.31) (Bradbury et al., 2007) and QGene 4.3.1 (Joehanes and Nelson, 2008). Marker-trait 
association was assessed through a Generalised Linear Model (GLM) approach in TASSEL. In 
parallel, Composite Interval Mapping (CIM) was carried out on the data using QGene. The genetic 
distance between SNP markers was estimated from the physical map based on the Nipponbare 
genomic sequence available at GRAMENE (http://www.gramene.org), with genetic distance (cM) = 
Physical distance (kb)/260. CIM was done using a walk speed of 2 cM and cofactor selection of 
‘auto’. Logarithm of odds (LOD) score of at least 3.0 was accepted and permutation tests with 1000 
iterations at alpha=0.05 (Churchill and Doerge, 1994), were performed for each trait with GLM and 
CIM to validate the QTLs. Once permutation tests were passed, candidate genes in the identified QTL 
regions were identified from online databases: http://rice.plantbiology.msu.edu and Rice Gene 
Thresher (http://rice.kps.ku.ac.th/Site/index.html). 
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4.3 Results 
4.3.1 Genotyping 
After genotyping the 106 varieties for the mutations in the Wx gene, results showed that out of the 
106 varieties were unequally distributed once classified into the five haplotypes: haplotype 1=13; 
haplotype 2=32; haplotype 3=16; haplotype 4=21 and haplotype 5=24 (Table 4.1).  
 
Using the Illumina Infinium SNP chip, 768 SNPs were identified as polymorphic between PRD and 
TMK and these are distributed across the rice chromosomes (Figure 4.1). These SNPs account for 
only 14.56% of the total 5,274 markers in the Infinium SNP chip, with marker coverage ranging from 
9.41% to 18.04% per chromosome (Figure 4.1; Table 4.1). 
  
Figure 4.1 Population linkage map composed of 768 SNPs distributed across 12 rice 
chromosomes in 312 F6 recombinant-inbred lines derived from the cross between Phka 
Rumduol and Thmar Krem. The left-hand side of the chromosomes were indicated with 
the SNP marker position in centimorgan (cM) whereas the right-hand side in indicated by 
the SNP marker name. 
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Table 4.1 Marker data summary. Number of sites: 5,274; polymorphic site: 768 
Chromosome 
No. of 
markers Location (bp) 
Polymorphic SNPs 
(%) 
1 603 0 (192836) - 602 (42977253) 72 (11.94) 
2 508 603 (9619) - 1110 (35691841) 70 (13.79) 
3 541 1111 (398385) - 1651 (35824355) 86 (15.90) 
4 493 1652 (59946) - 2144 (35342951) 71 (14.40) 
5 428 2145 (101950) - 2572 (29584298) 63 (14.72) 
6 430 2573 (244274) - 3002 (30918058) 73 (16.98) 
7 420 3003 (184193) - 3422 (29186584) 59 (14.05) 
8 389 3423 (250632) - 3811 (28058830) 70 (17.95)) 
9 340 3812 (251708) - 4151 (22680525) 32 (9.41)) 
10 316 4152 (119514) - 4467 (23053632) 57 (18.04)) 
11 410 4468 (256688) - 4877 (28958989) 67 (16.34) 
12 396 4878 (119957) - 5273 (27520623) 48 (12.12) 
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4.3.2 Diverse rice quality profile and trait correlations 
Figure 4.2 illustrates a PCA combining all the genotype and phenotype data measured in the diverse 
set of 106 varieties. Some of the varieties exhibited clear separation based on AAC and Wx gene 
haplotype (Figure 4.2). The first principal component, PC1, explains 24.4% of the difference and 
separates varieties with the Wx gene haplotypes 1 and 2 from those with haplotypes 4 and 5, whereas 
PC2, explaining 12.2%, separates varieties with haplotype 1 from those with haplotype 2, and those 
with haplotype 3 or 4 from those with haplotype 5 (Figure 4.2a). Haplotypes 3 and 4 are not well 
separated in both PC1 and PC2, while haplotypes 4 and 5 are very well separated in the second 
component, with two varieties overlapping with haplotype 4 varieties (Figure 4.2a).  
 
Figure 4.2 Principal components analysis of the cooking and eating quality parameters 
measured in 106 diverse set of rice germplasm. (a) Scores plot are presented with colour 
and shape legends according to the Waxy gene haplotype and (b) loadings plot are the 
phenotypic traits measured. 
a) 
b) 
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The loadings plot (Figure 4.2b) shows the traits or SNPs that lead to the clustering observed in Figure 
4.2a. The Wx In1G/T SNP significantly characterise varieties on PC1. Trough viscosity, FV and SB 
also discriminate negatively along with exon 10 (T) and intron 1 (G) of the Wx gene, whereas GelCon 
is located with the other form of those SNPs as positively discriminating factors on PC1. Intron 1 and 
exon 6 of the Wx gene separate varieties of haplotype 2 from those of haplotypes 3 and 4, along PC2, 
as do PV and BD, and GT, and SNP 4 of SSIIa. Instrumental texture trait HRD was characterising for 
increased AAC rices, whereas ADH was positively correlated with the ‘T’ SNP of the Wx In1 (Figure 
4.2b). On the other hand, COH and SPR were not very discriminating and neither was the (CT)n 
marker found on the untranslated region of the Wx gene. Aside from the Wx SNPs that were genotyped 
in the sample set, eight types of (CT)n repeats were identified in the diverse set: (CT)8, (CT)10, 
(CT)11, (CT)14, (CT)17, (CT)19, and (CT)20 (Figure 4.2b). From this, (CT)17 marker was the most 
abundant for haplotypes 1, 2, 3, and 4. On the other hand, (CT)10 was the most represented in 
haplotype 5. Some (CT)n such as (CT)13, (CT)16 were not represented in the five Wx SNP haplotypes 
(Figure 4.2b; Appendix B-1). These identified (CT)n markers did not significantly characterise the 
rice varieties based on their Wx gene haplotypes (Figure 4.2). 
Figure 4.3a clearly showed that the haplotypes defined by the SNPs and duplication in the Wx gene 
associate strongly with accepted amylose classes across the 106 varieties tested. Haplotype 1, which 
includes the waxy or glutinous varieties, was characterised by the presence of the 23-bp duplication 
in exon 2, and which do not synthesise amylose. Haplotypes 1 to 4 of the Wx gene lead to significantly 
different amounts of amylose; however, amylose values of varieties with haplotypes 4 or 5, which 
differ only in the SNP on exon 10 of the Wx gene, do not differ significantly (Figure 4.3a). Using a 
Kruskal Wallis test for univariate analysis, Figure 4.3b showed that PV is significantly different 
among the varieties of each haplotype, but overlap in the interquartile range of each is observed. 
There was significant difference in TV between haplotypes 1 and 5, while overlaps in the ranges 
among haplotypes 1, 3 and 4 were observed (Figure 4.3c). For FV, varieties of haplotype 2, 3 or 4 
were not significantly different, but those of haplotype 1 were significant lower and those of 
haplotype 5 are significantly greater (Figure 4.3d).  
The starch property parameters of 106 diverse rice varieties were used in the correlation analysis 
(Table 4.2). Apparent amylose content was not correlated with GT (-0.02, r value), PV (0.16) and BD 
(0.01), but was significantly correlated with all of the other parameters, and mostly with HPC (0.89**) 
(Table 4.2). GT was not correlated with any of the traits measured in this sample set, whereas GelCon 
was significantly correlated with all the other traits, except with GT, PTemp, BD, COH and SPR 
(Table 4.2). Among the RVA parameters measured in this study, PV statistically correlated strongly 
with TV (0.73**), FV (0.49**), BD (0.76**) and not with the rest of the parameters (Table 4.2). 
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Figure 4.3 Box plots of a) apparent amylose content (AAC), (b) peak viscosity, (c) trough viscosity, 
(d) final viscosity of 106 diverse rice varieties grouped into five Wx gene haplotypes. Blue triangle 
represents the mean values. Difference in letter above the box plots indicate significant difference at 
P=0.05. 
  
  
  
a) b) 
d)
) 
c)
) 
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FV was correlated with TV (0.76**), GelCon (-0.67**), HPC (0.92**), and SB (0.74**), while BD 
significantly correlates with PV (0.76**), SB (-0.59**), and ADH (0.25*) (Table 4.2). HPC was 
significantly correlated with all of the traits except for GT and BD whereas, SB was significantly 
correlated with all measured phenotypic traits. No significant correlation was identified for FV and 
BD (Table 4.2).  
In terms of instrumental texture traits, HRD statistically significantly correlated positively with COH 
and SPR and negatively with ADH (Table 4.2). HRD, COH and SPR were all positively correlated 
with AAC (0.39**; 0.31**; 0.274**), FV (0.30**; 0.24*; 0.27**), and RVA traits HPC (0.35**; 
0.27**; 0.22*) and SB (0.37**; 0.26**; 0.23*). Significantly correlation was also observed between 
SPR and TV (0.259**). On the other hand, ADH was negatively correlated with AAC (-0.62**), FV 
(-0.40**), HPC (-0.59**) and SB (-0.61**), and significantly positively correlated with GelCon 
(0.47**), PV (0.22*) and BD (0.25**).  
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Table 4.2 Pearson’s correlation coefficient (r) matrix of apparent amylose content (AAC), gel consistency (GelCon), gelatinisation temperature (GT), 
rapid visco analyses (RVA) traits: peak viscosity, PV; trough viscosity, TV; final viscosity, FV; breakdown, BD; hot-paste consistency, HPC; setback, 
SB, instrumental texture traits: hardness, HRD; cohesiveness, COH; springiness, SPR; and adhesiveness, ADH in 106 diverse rice varieties. 
Trait AAC GT GelCon PV TV FV BD HPC SB PTemp PTime HRD COH SPR ADH 
AAC 1.00 -0.02 -0.61** 0.16 0.23* 0.75** 0.01 0.89** 0.71** 0.17 0.29** 0.39** 0.31** 0.27** -0.62** 
GT -0.02 1.00 0.14 -0.10 -0.16 -0.13 0.01 -0.075 -0.06 0.51** -0.19 0.05 -0.09 0.06 0.01 
GelCon -0.61** 0.14 1.00 -0.20* -0.43** -0.67** 0.12 -0.66** -0.60** -0.05 -0.30** -0.18 -0.17 -0.15 0.47** 
PV 0.16 -0.10 -0.20* 1.00 0.73** 0.49** 0.76** 0.23* -0.22* -0.10 0.14 -0.04 0.00 0.10 0.22* 
TV 0.23* -0.16 -0.43** 0.73** 1.00 0.76** 0.11 0.44** 0.29** 0.04 0.19 0.11 0.10 0.26** 0.06 
FV 0.75** -0.13 -0.67** 0.49** .0761** 1.00 0.00 0.92** 0.74** 0.15 0.32** 0.30** 0.24* 0.27** -0.40** 
BD 0.01 0.01 0.13 0.76** 0.11 0.00 1.00 -0.07 -0.59** -0.17 0.02 -0.15 -0.09 -0.10 0.25* 
HPC 0.89** -0.08 -0.66** 0.23* 0.44** 0.92** -0.07 1.00 0.85** 0.19 0.33** 0.35** 0.27** 0.22* -0.59** 
SB 0.71** -0.06 -0.60** -0.22* 0.29** 0.74** -0.59** 0.85** 1.00 0.24* 0.25** 0.37** 0.26** 0.23* -0.61** 
PTemp 0.17 0.51** -0.05 -0.10 0.04 0.15 -0.17 0.19 0.24* 1.00 0.06 0.08 0.01 -0.02 -0.24* 
PTime 0.29** -0.19 -0.30** 0.14 0.19 0.32** 0.02 0.33** 0.25** 0.06 1.00 0.10 -0.04 0.11 -0.14 
HRD 0.39** 0.05 -0.18 -0.04 0.11 0.30** -0.15 0.35** 0.37** 0.08 0.10 1.00 0.62** 0.45** -0.22* 
COH 0.31** -0.09 -0.17 0.00 0.10 0.24* -0.09 0.27** 0.26** 0.01 -0.04 0.62** 1.00 0.52** -0.24* 
SPR 0.27** 0.06 -0.15 0.10 0.26** 0.27** -0.10 0.22* 0.23* -0.02 0.11 0.45** 0.52** 1.00 0.03 
ADH -0.62** 0.01 0.47** 0.22* 0.06 -0.40** 0.25* -0.59** -0.61** -0.24* -0.14 -0.22* -0.24* 0.03 1.00 
** Correlation is significant at the 0.01 level (2-tailed). 
* Correlation is significant at the 0.05 level (2-tailed). 
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The mean comparisons for derived RVA traits BD, HPC and SB among the Wx haplotypes analysed 
using one-way ANOVA show that in terms of BD mean values, haplotype 3 is significantly different 
from haplotypes 1 but not with haplotypes 2, 4, and 5 (Table 4.3). With HPC, means of all haplotypes 
are significantly different from each other, except between haplotypes 3 and 4. In terms of SB, there 
was no significant difference between the means of haplotypes 1 and 2 and haplotypes 3 and 4, while 
haplotype 5 is significantly higher than the rest. Mean gel length values derived from the GelCon 
tests across all 106 varieties show that varieties carrying haplotype 1 of Wx gene have the softest 
cooked grains, as expressed by the significant difference in gel length (longer gel) compared to the 
means of haplotypes 2, 3, 4 and 5 varieties (Table 4.4).  
Table 4.3 Comparison of means of derived RVA traits breakdown (BD), hot-paste consistency (HPC) 
and setback (SB) among the five Wx gene haplotypes. 
Wx 
Haplotype 
n 2 
Mean 1 
BD HPC SB 
1 13 462.1 c 363.5 a -98.6 c 
2 32 1444.7 a 1507.2 b 62.5 c 
3 16 1120.3 ab 1906.8 c 786.5 b 
4 21 985.4 b 2119.6 c 1134.1 b 
5 24 873.0 b 2729.4 d 1856.4 a 
Total 106    
HSD0.05   413.1 323 625.1 
 
1 One-way ANOVA was used to test hypotheses and Tukey’s HSD was used to compare means. In each 
column, means with the same letter are not significantly different at p=0.05;  
2 n = number of rice accessions in each haplotype 
Table 4.4 Comparison of means of gel consistency (GelCon) among the five Wx haplotypes. 
Wx 
Haplotype 
GelCon 
(mm) 
Mean differences (i – j) 1 
1 2 3 4 
1 89.44 --       
2 79.38 10.06* --   
3 61.94 27.50*** 17.44* --  
4 66.98 22.45* 12.40 5.04 -- 
5 36.87 52.57*** 42.51*** 25.07*** 30.12*** 
 
*** Correlation is significant at the 0.001 level (2-tailed). 
** Correlation is significant at the 0.01 level (2-tailed). 
* Correlation is significant at the 0.05 level (2-tailed). 
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4.3.3 Recombinant inbred population quality profile 
A principal components analysis (PCA) of the rice mapping population and the two parents showed 
that the RILs separate into two major groups based on 19 grain quality traits (Figure 4.4). The 
variation in the physical and textural properties in the RIL population was described by two major 
principal components, PC1 and PC2, which together explains 51% of the grain phenotypic variation. 
The loadings plot (Figure 4.4b) showed the traits that lead to the clustering of the RILs into two major 
groups that is typical of a RIL population (Figure 4.4a). 
 
Legend: Chalk_0-10%, grain translucency; Chalk_10->75%, percent of chalkiness in grains; GL, grain length; 
GW, grain width; AAC, amylose content; GT, gelatinisation temperature (L, low; I, intermediate; H, high); 
GelCon, gel consistency; PV, peak viscosity; TV, trough viscosity; BD, breakdown; FV, final viscosity; SB, 
setback; HPC, hot-paste consistency; PTime, peak time; PTemp, pasting temperature.  
a) 
b) 
Figure 4.4 Principal components analysis (a) scores scatter plot of 312 F6 recombinant-
inbred lines derived from the cross between Phka Rumduol (PRD) and Thmar Krem 
(TMK) and (b) the loadings plot of 19 grain quality traits that characterise them. 
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AAC, RVA traits and degree of chalk in the grains were the most characterising traits that differentiate 
the two parents and their progeny. AAC is positively correlated with SB and strongly negatively 
correlated with PV, TV and unlike in the diverse set, is also correlated to BD. In the third quadrant, 
grain translucency (Chalk_0-10%) were shown to be positively correlated with PTime, characterising 
PRD and PRD-like RILs. Both of these traits were negatively correlated with increased chalk in the 
grain, GT, PTemp and FV. Final viscosity, GT and PTemp are strongly positively correlated (Figure 
4.4b). Grain dimensions traits were not strongly charactering in the population as these traits sit close 
to the middle of plot (Figure 4.4b). 
4.3.4 Frequency distribution of traits 
Table 4.5 shows the descriptive statistics of the textural traits in PRD, TMK and their 312 F6 RILs, 
respectively. The corresponding frequency distribution histograms of all textural traits measured in 
the RIL population are summarised in Figure 4.5. Across all of the textural traits measured, the mean 
values of the RIL population lie in between the values of the two parents, however, transgressive 
segregation was observed for all 11 textural traits in the RIL population, where the values of some 
RILs were either smaller or bigger than both parents (Table 4.5; Figure 4.5). Bimodal distribution 
was displayed by AAC, GT, PV, SB, HPC and PTemp; whereas normal distribution was displayed 
by FV and PTime.  
 
Table 4.5 Textural traits of two Cambodian rice varieties Phka Rumduol (PRD) and Thmar Krem 
(TMK) and their 312 F6 recombinant-inbred lines (RIL) harvested during the wet season of 2013 at 
the Cambodian Agricultural Research and Development Institute. 
Trait 
PRD  TMK  RIL (n=312) 
Mean±SD (n=3) Mean SD Min Median Max Skewness Kurtosis 
AAC 12.55±0.31 25.00±0.85 20.00 5.00 8.20 22.00 28.60 -0.73 -0.05 
GT 71.86±0.04 76.39±0.18 73.98 5.10 60.32 76.30 82.14 -0.23 -1.32 
GelCon 78.25±4.52 93.25±4.72 83.24 9.45 34.50 83.00 100.00 -0.62 2.07 
PV 4203.30±38.70 2233.70±102.70 2465.3. 837.50 1003.00 2256.50 4522.00 0.67 -0.57 
TV 1739.70±33.6 1220.00±67.70 1307.07 221.10 855.00 1299.50 1804.00 0.30 -0.84 
FV 2830.00±165.00 2773.00±35.20 2672.44 366.10 1579.00 3699.50 3680.00 -0.27 -0.23 
BD 2463.70±26.60 1013.70±170.00 1158.24 659.90 148.00 968.00 2949.00 0.69 -0.49 
SB -1373.30±145.90 539.30±135.70 207.14 782.40 -1929.00 580.00 1266.00 -1.08 -0.24 
HPC 1090.30±172.20 1553.00±41.90 1365.38 301.60 724.00 1378.50 2103.00 0.06 -1.00 
PTime 5.60±0.00 5.55±0.04 5.56 0.17 5.13 5.53 6.07 0.01 -0.41 
PTemp 70.37±1.415 74.38±0.83 72.36 3.90 66.45 73.65 79.05 -0.72 -1.41 
 
n = number of samples 
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Figure 4.5 Frequency distribution histograms of 11 grain textural traits in F6 recombinant-
inbred lines derived from the cross between Phka Rumduol (PRD) (▼) and Thmar Krem 
(TMK) (▼) harvested during the wet season of 2013 at the Cambodian Agricultural Research 
and Development Institute. 
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Table 4.6 Pearson’s correlation coefficient (r) matrix of apparent amylose content (AAC), gel consistency (GelCon), gelatinisation temperature (GT), 
rapid visco analyses (RVA) traits: peak viscosity, PV; trough viscosity, TV; final viscosity, FV; breakdown, BD; hot-paste consistency (HPC), peak time 
(PTime) and peak temperature (PTemp) in the rice mapping population. 
Traits AAC GT GelCon PV TV FV BD SB PTime PTemp HPC 
AAC 1.00 -0.29** 0.10 -0.80** -0.66** 0.01 -0.79** 0.86** -0.02 -0.29** 0.50** 
GT -0.29** 1.00 0.31** 0.48** 0.27** 0.37** 0.52** -0.35** -0.61** 0.90** 0.24** 
GelCon 0.10 0.31** 1.00 0.18** 0.11 0.21** 0.19** -0.09 -0.40** 0.31** 0.17** 
PV -0.80** 0.48** 0.18** 1.00 0.85** 0.37** 0.98** -0.90** -0.28** 0.45** -0.17** 
TV -0.66** 0.27** 0.11 0.85** 1.00 0.57** 0.74** -0.64** 0.02 0.26** -0.04 
FV 0.01 0.37** 0.21** 0.37** 0.57** 1.00 0.28** 0.07 -0.21** 0.33** 0.80** 
BD -0.79** 0.52** 0.19** 0.98** 0.74** 0.28** 1.00 -0.93** -0.36** 0.49** -0.21** 
SB 0.86** -0.35** -0.09 -0.90*** -0.64** 0.07 -0.93** 1.00 0.20** -0.33** 0.56** 
PTime -0.02 -0.61** -0.40** -0.28** 0.02 -0.21** -0.36** 0.20** 1.00 -0.62** -0.27** 
PTemp -0.29** 0.90** 0.31** 0.45** 0.26** 0.33** 0.49** -0.33** -0.62** 1.00 0.21** 
HPC 0.50** 0.24** 0.17** -0.17** -0.04 0.80** -0.21** 0.56** -0.27** 0.21** 1.00 
 
** Correlation is significant at the 0.01 level (2-tailed). 
* Correlation is significant at the 0.05 level (2-tailed). 
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4.3.5 QTLs in the population 
All QTLs detected for AAC, GT, GelCon and pasting properties were summarised in Table 4.7. Three 
QTLs were identified for AAC. Of these, qAAC6.1, with a LOD peak located at marker SNP-
6_1500959 (position=1.50 Mbp in the physical map) of chromosome 6, explains 60% of the variation 
in AAC in the mapping population. Moreover, two other QTLs were found on chromosome 3 and 8, 
together explaining 13% of AAC variation in the population. This most significant QTL qAAC6.1, 
was also identified for SB, BD and PV, pasting traits that strongly correlates with AAC (Table 4.6). 
Six QTLs were identified for GT – one in both chromosomes 3 and 7, two in chromosomes 4 and two 
in chromosome 6 (Table 4.7). Of these seven QTLs, the most significant was qGT6.1, which was 
located near SNP marker 6037087 and with an LOD peak located at 7.26 Mbp of chromosome 6. 
This QTL explains 60% of the variation GT in the population. Two QTLs were identified for GelCon 
at chromosomes 6 and 7. The former was highly associated with the SNP marker 60260352 located 
at 7 Mbp of rice chromosome 6, which is near the largest-effect QTL for GT, qGT6.1.  
Four QTLs were detected for PV and five for TV. Of these, the largest effect QTL for both traits 
peaks at marker SNP-6_1500959, which was the same location as the main QTL for AAC, qAAC6.1. 
Seven QTLs were detected for FV (Table 4.7) and the most significant of these QTLs was located on 
chromosome 6 (qTV6.1), whereas other minor QTLs are located at chromosomes 4, 7, and 8 and 12. 
Three QTLs were identified for BD. Two of these are located at chromosome 6. Two QTLs were 
qSB8.1 and qSB6.1 were identified for SB (Table 4.7). These QTLs were colocalised with two of 
AAC’s QTLs that were located on chromosomes 6 and 8. Four QTLs were detected for HPC – three 
on chromosome 6 and one on chromosome 8. Three QTLs were detected on chromosomes 4, 6 and 
12 for PTime. QTL qPKT4.1s was in the same region as qGT4.1, qPTM4.1 and qHPC4.1, all co-
located at 10.93 Mbp of rice chromosome 4 (Table 4.7). Finally, four QTLs were detected for PTemp 
and these were located on the chromosomes 4, 6 and 7. Of these four QTL, qPTM6.1, which was 
located very close to qGT6.1 was the most significant, explaining 72% of the variation in PTemp in 
the population (Table 4.7). 
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Table 4.7 Quantitative trait loci detected through composite interval mapping for cooking and eating 
quality of 312 F6 recombinant inbred lines derived from the cross of Phka Rumduol×Thmar Krem. 
Trait *Chr QTL name 
QTL Peak 
Marker SNP 
Position 
(Mbp) 
LOD GLM 
GLM 
Additive 
effect (DPE) 
GLM PEV 
R2 (%)  
AAC 3 qAAC3.1 3401729 T/C 29.83 4.14 b 1.27 (P) 6.00 
 6 qAAC6.1 SNP-6_1500959 A/G 1.50 61.54 a 4.21 (T) 60.00 
 8 qAAC8.1 8834914 T/C 20.54 5.05 b 1.32 (T) 7.00 
GT 3 qGT3.1 2576622 T/C 4.22 5.09 b 1.65 (T) 8.00 
 4 qGT4.1 4065398 T/C 10.93 10.91 a 1.95 (T) 14.00 
  qGT4.2 4314701 A/G 17.91 6.69 a 2.38 (P) 12.00 
 6 qGT6.1 6037087 T/C 7.26 61.96 a 4.07 (T) 60.00 
  qGT6.2 6445513 T/G 16.94 11.89 a 1.98 (P) 15.00 
  7 qGT7.1 id7002851 T/G 18.40 3.49ns 1.08 (T) 5.00 
GelCon 6 qGC6.1 6025827 A/C 6.98 7.59 a 3.08 (T)  11.00 
  qGC6.2 5980679 A/G 5.71 7.20 a 3.05 (T) 10.00 
 7 qGC7.1 7711528 T/G 20.51 3.02ns 1.72 (T) 4.00 
PV 4 qPV4.1 4529283 A/G 24.86 3.62ns 171.57 (P) 5.00 
 6 qPV6.1 SNP-6_1500959 A/G 1.50 54.10 a 682.70 (P)  55.00 
  qPV6.2 6037087 T/C 7.26 3.46ns 185.32 (T) 5.00 
  8 qPV8.1 8834914 T/C 20.54 6.23 b 249.31 (P) 9.00 
TV 3 qTV3.1 3387049 A/G 29.21 3.11ns 44.72 (T) 4.54 
 4 qTV4.1 id4006867 A/G 21.34 8.59 a 79.65 (P) 12.00 
 6 qTV6.1 SNP-6_1500959 A/G 1.50 27.21 a 139.39 (P) 33.00 
 7 qTV7.1 7769958 T/C 22.09 4.31 c 57.07 (P) 6.00 
 8 qTV8.2 8834914 T/C 20.54 5.65 b 59.12 (P) 8.00 
  12 qTV12.1 id12008557 A/G 24.09 5.89 b 59.47 (P) 7.00 
FV 4 qFV4.1 4529283 A/G 24.86 7.88 a 123.01 (P) 11.00 
 6 qFV6.1 5980679 A/G 5.71 9.75 a 138.09 (T) 14.00 
  qFV6.2 6817862 A/G 26.57 6.82 a 107.13 (T) 9.00 
 8 qFV8.1 8120894 T/C 4.51 4.26 c 88.95 (T) 6.00 
PTime 4 qPKT4.1 4063598 T/C 10.93 7.71 a 0.05 (P) 10.00 
 6 qPKT6.1 6025827 A/C 6.98 34.10 a 0.11 (P) 40.00 
  12 qPKT12.1 id12008557 A/G 24.09 3.99 c 0.04 (P) 5.00 
PTemp 4 qPTM4.1 4063598 T/C 10.93 13.75 a 1.66 (T) 18.00 
 6 qPTM6.1 6026032 A/C 6.99 85.29 a 3.40 (T) 72.00 
  qPTM6.2 6548552 A/G 19.26 12.72 a 1.67 (T) 17.00 
  7 qPTM7.1 id7002851 T/G 18.40 4.286 c 0.92 (T) 6.00 
BD 6 qBD6.1 SNP-6_1500959 A/G 1.50 55.54 a 543.31 (P) 56.00 
  qBD6.2 6037087 T/C 7.26 4.66 b 172.86 (T) 7.00 
  8 qBD8.1 8834914 T/C 20.54 5.64 b 190.19 (P) 8.00 
SB 6 qSB6.1 SNP-6_1500959 A/G 1.50 64.34 a 666.15 (T) 62.00 
 8 qSB8.1 8834914 T/C 20.54 5.30 a 215.77 (T) 8.00 
HPC 4 qHPC4.1 4063598 T/C 10.93 4.48 c 72.07 (T) 6.00 
 6 qHPC6.1 SNP-6_1500959 A/G 1.50 13.82 a 122.83 (T)  19.00 
  qHPC6.2 5980679 A/G 5.71 13.49 a 130.67 (T) 18.00 
  qHPC6.3 6746522 T/C 24.20 5.39 b 84.99 (T) 8.00 
  8 qHPC8.1 8120894 T/C 4.51 3.24ns 67.06 (T) 5.00 
*Chr; chromosome number; LOD GLM, Logarithm of Odds using generalised linear model; cM, centimorgan; PEV (R2), 
Percentage of total phenotypic variance explained by the QTL; DPE, direction of phenotypic effect; P, Phka Rumduol; 
T, Thmar Krem. a,b,cQTLs identified above the p=0.001, p=0.01 and p=0.05 threshold using permutation analysis, 
respectively. Bold values correspond to significant QTLs after 1000 permutation using composite interval mapping, CIM. 
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4.4 Discussion 
4.4.1 Waxy gene markers can predict AAC and GelCon 
Apparent amylose content is one of the most important indicators of cooked rice texture and is a 
major criteria in varietal improvement efforts; hence, it is the subject of numerous studies ranging 
from quantification method improvement (Perez and Juliano, 1978, Juliano et al., 1981b, McGrane 
et al., 2004, Fitzgerald et al., 2009a), to structural elucidation (Miles et al., 1985, Buléon et al., 1998, 
Ramesh et al., 1999, Ward et al., 2006, Park et al., 2007). The different combinations of the 
polymorphisms in the rice Wx gene, as denoted by the five Wx haplotypes, correspond to a different 
amount of amylose synthesised (Cuevas and Fitzgerald, 2012). The distinct separation of rice varieties 
based on Wx SNP markers and the strong association between AAC and the polymorphisms (Figure 
4.2–3a), indicate that the grouping of rice varieties into haplotype 1 to haplotype 4 or 5 is an effective 
way of classifying rice varieties in terms of AAC. Varieties with haplotype 4 or 5 are not significantly 
different in terms of AAC since both haplotypes are characterised by high amylose (Chen et al., 
2008a). These findings validate the ability of the Wx SNP markers as good predictors of rice texture. 
These markers are particularly useful in early rice varietal development pipelines such as MAS and 
in exploratory genotyping efforts. On the other hand, the presence of different (CT)n repeats per 
haplotype (Figure 4.2b; Appendix B-1) indicates that the microsatellite alleles are not haplotype-
specific. These SSR markers are not as useful in a diverse set of samples (such as the one used in this 
study) as in narrower sets of germplasm (Ayres et al., 1997, Roferos et al., 2008). These microsatellite 
markers, however, can still play a vital role in MAS of breeding lines in a population set provided 
that parental lines have known contrasting AAC and are polymorphic for this marker. Rice varieties 
that contain the 23-bp duplication mutation at exon 2 of Wx gene, have AAC levels of 0–2% and 
otherwise known as waxy rices (Wanchana et al., 2003, Hori et al., 2007). With amylopectin being 
the dominant polymer of starch in these rice types, retrogradation occurs at a much slower rate than 
in non-waxy rice (Wang and Wang, 2002, Varavinit et al., 2003). Hence, sample varieties in 
haplotype 1 had negative SB values (Table 4.3) and softer gels compared to the varieties in the other 
haplotypes (Table 4.4).  
4.4.2 Correlation between AAC, pasting properties and instrumental rice texture 
The strong correlation of AAC with Wx haplotypes (Figure 4.2) indicates that amylose classification 
can be indirectly determined using these Wx markers. Even though AAC correlates with numerous 
pasting parameters (Table 4.2) across the diverse germplasm collection, pasting properties were not 
as discriminated compared to AAC using Wx markers. HPC and SB are indicators of starch 
retrogradation properties (Lu et al., 1997, Lii et al., 2004, Bao et al., 2007, Tukomane and Varavinit, 
2008) and are highly correlated with AAC (0.71**; 0.89**) and FV (0.74**; 0.92**) in the diverse 
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set of rices (Table 4.2). Samples in haplotypes with lower AAC had longer gels (hence, softer), while 
HPC and SB were higher in samples in haplotypes with elevated concentrations of amylose (Table 
4.4). Varieties with high AAC (hard gel) that usually associate with high FV are expected to easily 
retrograde upon cooling due to the aggregation of starch (mainly amylose) molecules in these rice 
types via hydrogen bonding (Miles et al., 1985, Tian et al., 2010). Haplotype 2 rices formed a distinct 
cluster attributed to the difference in AAC (Figure 4.2; Figure 4.3a), particularly due to the effect of 
the SNP in intron 1 splice site (Figure 4.2b). Moreover, the relationship between RVA parameters 
PV and TV also played a significant role in the clustering of these varieties (Figure 4.2). Haplotypes 
3 and 4 have similar textural attributes as indicated by similar ranges for viscosity parameters (Figure 
4.2b-d), similar GelCon (Table 4.4) and similar texture profiles (Appendix B-2). Haplotype 5 is 
characterised by high concentration of amylose in the samples in the rice grains (Figure 4.2a), which 
leads to stronger amylose networks (Nguyen et al., 1998). This group is separated from the other 
classes because of the effect FV, HPC, and SB (Figure 4.2; Table 2), all of which are highly correlated 
and are a consequence of AAC (Table 4.2).  
The significant effect of amylose on cooked rice texture instrumental measurements – HRD, ADH, 
COH and SPR – have been observed previously (Juliano et al., 1981a, Patindol et al., 2010) (Table 
4.2). The inverse relationship between ADH and AAC indicates that AAC contributes to the means 
by which rice grains stick to each other and provides insights of its effect on the mouth feel of cooked 
rice. The composition and structures of materials that are leached from rice grains during cooking 
were found to contribute to the adhesiveness of cooked grains (Hanashiro et al., 2004). The popular 
preference of rice eaters between sticky and dry (or non-sticky) cooked rice can be traced back to this 
parameter. HRD is a good indication of the texture of whole cooked rice grains upon cooling and 
retrogradation, as supported by the presence of significant positive correlations between this trait and 
RVA traits FV, HPC and SB (Table 4.2). The lack of significant relationships among the Wx 
haplotypes in both SPR and COH (Appendix B-2) indicates a weak discriminating effect of these 
textural traits. In a previous report, correlation coefficients that are at similar ranges to what was 
determined in this study were considered weak for prediction purposes (Lyon et al., 1999). Thus, 
AAC may be an important indicator of some elements of texture but even in a set of samples from 
different AAC classes, it is not the sole factor dictating rice quality. While rice varieties with 
haplotype 1 had distinctly soft cooked grains, indicated by increased GelCon, instrumental texture 
data show that the force required to bite onto the grain is not significantly different from that of 
samples with haplotype 2 (Appendix B-2a). The influence of AAC on these three RVA traits FV, 
HPC and SB (Table 4.2) explain the existence of these relationships. FV is a response to the amount 
of amylose due to the formation of amylose aggregates on cooling (Fitzgerald et al., 2003), and HPC 
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is derived from FV, this underlying correlations between HRD and pasting properties can be 
indirectly attributed to AAC. The lack of significant difference between haplotype 1 and 2 varieties 
might be indication of the influence of other grain components and physical characteristics that 
contribute to the hardness of the cooked rice; not just amylose. Perhaps, the difference can be 
explained by the form of the sample in the analyses: flour was used in determining GelCon and in 
measuring RVA parameters while unbroken milled grains were used for texture profiling. Although 
flour of the milled grain became soft due to cooking, the size of the grain and grain components that 
have not been broken down during grinding could have caused varieties with haplotype 1 to have 
comparable hardness to grains from haplotypes 2 and 3. 
The texture profiles suggest that haplotypes 3 and 4 also have firm grains. However, GelCon values 
indicate that these haplotypes have soft gels (Table 4.3). Haplotype 4 contains the exon 10 SNP that 
is associated with soft GelCon (Tran et al., 2011); the difference might not have been particularly 
distinguishable in cooked rice grains (Appendix B-2), but changes in structure associated with this 
SNP definitely affected the viscoelastic behaviours of starch in haplotype 4. Other factors such as the 
variations in the amount of soluble amylose could have contributed to GelCon. It is necessary to 
indicate that the GelCon did not share a QTL with AAC but shared two putative QTLs with GT on 
chromosomes 6 and 7 (Table 4.7). TMK may be a high AAC rice variety but it exhibits longer gels 
based on the GelCon test (Table 4.5; Figure 4.5). 
4.4.3 QTLs for AAC and RVA traits in the population 
Multigene action have been reported to control rice cooking and eating quality (Bao et al., 2000, Bao 
et al., 2004, Wang et al., 2007, Yang et al., 2014a). In this current study, the influence of multiple 
genes controlling AAC and RVA traits are evident in the RIL population as depicted by the normal 
distribution for GelCon, FV and PTime (Figure 4.5). Meanwhile, it is noteworthy that AAC and the 
RVA traits that it strongly correlates with — PV, SB, and HPC— deviated from the normal 
distribution and displayed clear bimodal distributions (Figure 4.5) in the RIL population. This trend 
indicates a strong genetic control by the mutations in the major gene that is linked to these traits. 
AAC, PV, SB and HPC are linked to the same QTLs on chromosomes 6 and 8 (Table 4.7), and the 
most significant QTL on chromosome 6 has been traced back to the Waxy gene (Granule-bound 
starch synthase I, chloroplast precursor (EC 2.4.1.21) at chromosome 6 (Larkin and Park, 2003). The 
type of Wx mutations in PRD cannot be identified using the SNP chip in this study, however, it is 
known that PRD possess the ‘T’ SNP at Wx In1, and do not contain the duplication at Wx Ex2 nor the 
‘C’ SNP at Wx Ex6, therefore classified as a low AAC rice, falling under the haplotype 2 group. These 
SNPs can be used to select for PRD’s preferable soft-textured grains after cooking. Novel QTLs 
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qAAC3.1 and qTV3.1 were identified at chromosome 3; however, further work is needed to validate 
the effect of these QTLs.  
Several QTL mapping efforts on rice have reported multiple loci for RVA traits (Bao et al., 2000, 
Bao et al., 2004). Haplotype 1 rices showed significantly smaller PTime compared to haplotypes 2, 
3, 4 and 5 (Figure 4.2). Contrary to a previous report (Bao et al., 2004), PTime or the time at which 
the viscosity reached its peak in the RVA curve, was not characterising for the glutinous rices in the 
diverse rice set (Figure 4.2), nor was it statistically correlated with AAC in the RIL population 
(r=0.02) (Table 4.6), although some of the glutinous varieties exhibited lower PTime compared to 
the non-glutinous varieties. PTime was, however, strongly negatively correlated with GT (-0.61**) 
in the RIL population, which can be explained by the presence of and most likely, the type of 
amylopectin molecules in the samples (Aoki et al., 2006, Li et al., 2016). Therefore, the presence of 
amylose nor its amounts in rice alone, do not necessarily translate to a specific texture of rice. Yang 
et al. (2014a) reported that TPA traits HRD and COH are both associated with the Wx locus and that 
COH is also controlled by SSI on chromosome 6 and a QTL on chromosome 7. These traits were not 
measured in the RIL population in this current study; however, the results revealed among the 106 
diverse varieties signal existing associations between TPA traits and AAC (Table 4.2). Despite these 
presence of large-effect QTLs and results corroborating with previous studies (Bao et al., 2000, Yao 
et al., 2017), the drawback in this current QTL mapping effort is the absence of environmental factor; 
hence, the large phenotypic variance observed in this study may be less if the population was grown 
across environments and seasons. 
4.4.4 QTLs for GT in the population 
Since GT is associated with the cooking time and texture of cooked rice and cool cooked rice, it is an 
important component of rice eating quality (Maniñgat and Juliano, 1979, Waters et al., 2006). In this 
current chapter, GT was measured using a DSC instead of ASV since a DSC allows simulation of the 
rice-cooking process and enables determination of starch gelatinisation temperature, heat energy 
required for gelatinisation, as well as the degree of starch gelatinisation (Cuevas et al., 2010). Rice 
varieties with high GT require more water and cooking time than those possessing low or intermediate 
GT. In the diverse rice collection, GT was highly correlated with the SSIIa markers (Figure 4.2), but 
was not correlated with any of the other traits measured, except for PTemp (Table 4.2). In the RIL 
population, GT was also statistically correlated with PTemp (Figure 4.3b) as well as with other traits 
including AAC (Table 4.6). The allele for increased GT at qGT6.1s (R2=60%) that is contributed by 
TMK, however, do not lead to the formation of soft-textured grains in the population (Table 4.6). 
Putative genes 10 cM forward and reverse this QTL region include several genes (Appendix B-4); 
however, the most plausible is SSIIa otherwise known as ALK, which is responsible for GT variation 
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in rice (Bao et al., 2004, Bao et al., 2006, He et al., 1999, Aluko et al., 2004, Tian et al., 2009, Wang 
et al., 2007, Yang et al., 2014a). Within the intermediate GT RILs, GT values were significantly 
correlated with all other texture-associated traits, except for AAC (0.01), and this because GT formed 
two distinct groups: low GT (65-70 °C) and high GT (76-82 °C) within the two distributions of AAC. 
These results therefore show that GT is independent of AAC and that selection for each trait using 
molecular markers is possible. Again, the actual strength of the QTL identified for these traits may 
be less than what was observed in the study when the role of the environment is taken into account. 
4.4.5 Gel Consistency is influenced by Wx and SSIIa 
Gel consistency, analysed by measuring the length of the starch gel migration is one of the basic 
techniques for analysing cooked rice texture. It is one of the main traits that discriminate varieties 
with haplotype 1 from all others. Although GelCon is negatively correlated with AAC across 106 
diverse varieties (Table 4.2), the increase in AAC do not accurately lead to hard textured rice as 
depicted by the increased gel length (soft gel) in haplotype 4 compared to haplotype 3 rices (Table 
4.4). This can be explained by the presence of the SNP on exon 10 of the Wx gene (Figure 4.2), has 
been reported to explain the phenotypic differences in GelCon among high AAC rice varieties (Tran 
et al., 2011). This mutation affects the proportion of amylose bound to amylopectin and the proportion 
of these starches that is able to leach, and their structural differences modify the composition of the 
gel upon cooling. AAC contribute to the firm grains that are characteristic phenotypes of varieties in 
haplotype 5 (Figure 4.2a). Due to increased temperature during cooking, amylose is being leached 
into the continuous matrix, thus accumulates and settles as highly viscous paste. This high-viscosity 
characteristic of haplotype 5 varieties could be indicative of its higher resistance to shear than the 
low-viscosity sample (Fitzgerald et al., 2003).  
In the RIL population, however, significant statistical relationships between GelCon and AAC were 
absent (Table 4.6). Although PRD and TMK belong to low and high AAC classes, their GelCon 
values are not influenced by amylose. This is probably because TMK has much higher GelCon 
(93.25±4.72) compared to PRD (78.25±4.52) (Table 4.5), making their RIL distribution negatively 
skewed (Figure 4.5). On the other hand, QTL mapping results show that GelCon is associated with 
the QTL qGT6.1s for GT at chromosome 6 and does not share a QTL with AAC (Table 4.7), which 
is understandable since the established Wx Ex10C/T SNP is only be able to discriminate the texture 
of high AAC rices (Tran et al., 2011). GelCon is negatively correlated with GT (-0.31**), yet was 
significantly positively correlated among the high AAC RILs (AAC≥25%), which were represented 
in by 8.65% of the population. In the absence of the Wx locus, the main QTL for GelCon points 
toward the SSIIa and a QTL on chromosome 7 that was also identified for GT and PTemp. 
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4.5 Conclusions 
This chapter provided the genetic basis for the textural quality of high quality rice PRD by screening 
the AAC, GT, GelCon and pasting properties in the rice mapping population that were derived from 
PRD and TMK. By using a diverse set of varieties that were genotyped for the known mutations in 
the most widely studied genes for texture, this chapter has shown that the polymorphisms in the Wx 
gene and AAC are integral to rice texture as evidenced by the significant differences in the AAC 
across the five haplotypes of rices. However, these Wx markers are not as discriminating for the RVA 
and TPA traits as these are with AAC. The correlations between the Wx SNPs and RVA traits exist; 
however, these correlations are not indicative of the actual existing genetic variation that influences 
these RVA traits. This Wx Ex2 marker can, however, effectively identify the waxy rices from the rest 
of the varieties by detecting the presence of the duplicated sequence at exon 2 on the Wx locus that is 
inherent to these varieties. Similar to previous molecular mapping efforts on Jasmine-style rice, the 
major texture-associated QTLs for PRD are localised in the region of the Wx locus and the SSIIa on 
rice chromosome 6 (Lanceras et al., 2000). However, the fact that multiple QTLs explain the variation 
of AAC and GT in the population means that the Wx and the SSIIa markers at chromosome 6 used to 
screen the diverse population are not sufficient to carry out targeted marker-assisted selection for 
these traits. In addition, localisation of these multiple QTLs for AAC and pasting properties on 
chromosomes 4, 6 and 8 indicate that these QTLs are more important than we previously thought. 
Further analysis using different population types, genetic backgrounds and environments is 
recommended to identify the causative gene/s that relate/s to these QTLs. Overall, this chapter 
demonstrated the extent to which Wx markers predict cooked rice texture. However, in order to fully 
take advantage of these markers, more PCR-based markers from minor QTLs should be developed. 
In addition, identifying the effect of other macromolecules in the grain such as` lipids and proteins 
should be taken into account to fully understand cooked rice texture. 
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 Mapping quantitative trait loci for rice aroma-
associated volatile compounds and fatty acids in a 
recombinant inbred population 
Chapter Abstract. Molecular markers for rice grain metabolites such as volatiles are essential for 
efficiently breeding better varieties. The discovery and the genetic basis of 2-acetyl-1-pyrroline 
(2AP), has improved marker-assisted breeding for fragrance; however, 2AP is not the sole indicator 
of fragrance, evidenced by the presence of other odour-active and low-odour threshold volatile 
compounds feasibly derived from lipid oxidation and other biochemical processes. This chapter 
identifies the genetic origin of low odour threshold volatile compounds in fragrant and non-fragrant 
rice. A genotyped advanced recombinant-inbred rice population derived from two indica rice varieties 
was screened for volatile compounds and their fatty acids composition. Volatile compounds were 
analysed using a two-dimensional gas chromatography time-of-flight mass spectrometry (GC×GC-
TOF-MS), whereas fatty acids were analysed using gas chromatography-mass spectrometry (GC-
MS). Quantitative trait loci (QTLs) and candidate genes were identified for significant traits. 
Untargeted metabolomics detected several odour-active volatile compounds in the rice mapping 
population. Fragrant rice lines were characterised by the presence of nitrogen-containing compounds 
such as 2AP and its derivatives, and odour-active volatile compounds derived from the oxidation of 
unsaturated fatty acids oleic and linoleic acid. QTLs for odour-active fatty acid oxidation volatiles 
and sulfur-containing volatiles were identified in addition to 2AP markers that differentiate fragrant 
rice from non-fragrant rice. The novel QTLs for 2AP and its derivatives and for those linked to lipid-
derived volatiles further differentiate varieties in terms of their aroma and explain varietal distinctness 
in terms of aroma and overall quality. 
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5.1 Introduction 
In the previous chapters, the overall grain quality profile of the popular Cambodian rice variety Phka 
Rumduol (PRD) was screened. Traits encompassing grain texture were assessed using the routine 
methods for grain quality assessment. Quantitative trait loci were identified for the amount of the 
main starch components in the population, revealing major, minor and novel QTLs that can be 
associated with starch biosynthesis genes (Appendix B-4). 
In the current chapter, molecular markers for the aroma of PRD will be identified using a rice mapping 
population that has been screened for textural traits (Chapter 4). Rice aroma is valuable to much of 
the rice-consuming world, particularly because fragrant rices command higher market price and are 
a staple for many cultures (Singh et al., 2000). One such culture is in the nation of Cambodia, where 
rice is an essential part of the diet, comprising about 65-75% of daily energy consumption (Yu and 
Fan, 2011). Fragrant rice is highly prized among Cambodian rice stakeholders, as shown by their 
preference for the traditional variety Phka Rumduol (PRD), an exemplary variety of fragrant rice; 
PRD is characterised by translucent, long slender grains that are fragrant and soft-textured after 
cooking (Concepcion et al., 2015). These quality traits are the result of years of traditional breeding 
and up to the present, no other variety in Cambodia has surpassed the quality of PRD (CARDI, 2000, 
Concepcion et al., 2015). Since the early 1990s, about 2,000 rice (Oryza sativa L.) accessions were 
collected, profiled and stored in the gene banks of the International Rice Research Institute (IRRI) in 
the Philippines and in Cambodia. However, of the 2,200 Cambodian rice accessions conserved at 
IRRI (Nesbitt, 2003), only a few are widely grown in Cambodia due to agronomic adaptation, farmer 
adoption and consumer acceptance. Cambodian breeders have been actively selecting for the aromatic 
phenotype with the goal of combining aroma and yield; however, in order to use a variety as a 
breeding parent, its phenotype and genotype have to be known to facilitate the transfer of specific 
gene segments into new varieties.  
Rice fragrance is measured by the concentration of 2AP in rice grains using GC-MS and by tasting 
cooked rice through sensory evaluation, each of these tests can only be achieved in late generations 
of breeding, when sufficient grain is available for milling. Sample availability therefore creates an 
obstacle to rapid selection, which in turn delays the identification of the aroma phenotype. As a result 
of this, improved detection tools in the early stage of the breeding cycle such as genetic markers are 
most useful to breeders. Data gathered here is generalised regarding the genetics and metabolites in 
Jasmine-style varieties using PRD as a representative of high quality fragrant varieties. However, 
fragrance is more than the aroma of 2AP, as evidenced by the consistent detection and identification 
of other odour-active volatiles in both fragrant and non-fragrant rice. In Chapter 3, the aliphatic 
aldehydes, aliphatic alcohols, furans and ketones were identified as discriminating for the fragrant 
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rice, which contain 2AP, the connection between the genetics and the expression of these traits is still 
poorly understood, either due to unavailability of accurate phenotyping tools and/or inadequate tools 
for marker-assisted selection (MAS). Therefore, it is essential to have accurate and precise tools to 
identify the causative genes and proteins, and to design robust markers that are linked to the traits of 
interest. In addition, in some cases where a particular variety is highly prized, breeding requires a 
panel of molecular markers that are trait-specific and variety-specific. Among the genotyping 
platforms currently available, an increasing number of reports indicate that the GoldenGate SNP 
assays of Illumina’s enable a lower cost per data point, and is thereby widely used in genetic mapping 
and association studies (Thomson et al., 2012, Ye et al., 2012, Baltazar et al., 2014, McCouch et al., 
2010). This advancement in marker genotyping has indeed made genotyping more readily available 
than ever before. However, in spite of these advancements in marker technology and separation 
science, there have not been any QTL mapping studies undertaken on Cambodian rice varieties. With 
Cambodian PRD being an exemplary fragrant variety, the primary aim of this chapter is to map the 
QTLs that explain the underlying quality of PRD and further understand its aromatic quality by using 
SNPs and untargeted metabolomics for future breeding purposes. Secondly, this study aims to 
investigate the fatty acid profile in the mapping population derived from PRD and Thmar Krem 
(TMK) in order to trace back the genetic origin of volatile flavour compounds derived from the 
oxidation of unsaturated fatty acids (UFA). This is the first QTL mapping study on the aroma of 
Cambodian rice.  
5.2 Materials and Methods 
5.2.1 Mapping population 
The mapping population that has been screened for rice textural traits in Chapter 4 were used in this 
chapter. This population is a subset of the original 312 F6 recombinant-inbred lines (RIL) derived 
from the cross between two traditional indica Cambodian rice varieties, PRD and Thmar Krem 
(TMK). Based on the differences observed in grain quality attributes between these two varieties 
(Chapter 3, Figure 3.1), they were selected as parents for the mapping population. Field experiments, 
harvesting of seeds and post-harvest procedures were done as described previously. Genomic DNA 
extraction and purification and SNP genotyping were carried out as previously described in Chapter 
4.2. 
5.2.2 Untargeted profiling of volatiles using GC×GC-TOF-MS 
Untargeted profiling of volatile compounds from milled rice flour (1 g) was carried out using a two-
dimensional gas chromatography-time of flight-mass spectrometer (GC×GC-TOF-MS) (LECO, 
Australia) as described previously (Daygon et al., 2017, Concepcion et al., 2018). Samples of each 
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of the RIL were pooled and analysed after every 10 injections in order to cross check the performance 
of the instrument and the consistency of runs across eleven batches of analyses. These samples are 
called quality control or QC samples. In addition, rice flour samples of Jasmine-type rice sourced 
from a local supermarket were also analysed, along with the samples, to verify the presence of 2AP 
in fragrant rice lines. Compounds with a signal-to-noise ratio (S/N) of at least 150 and a mass spectral 
library similarity of at least 80% were accepted. Confirmation of the compounds with low odour 
threshold was done as described in Chapter 3.2.4. 
5.2.3 Fatty acid analyses using the GC-MS 
Lipids were extracted from rice flour of the two parental lines and 197 RIL that underwent quality 
evaluation in Chapter 4 and untargeted profiling of volatiles in this current chapter. Fatty acids in the 
oil extracts were derivatised as described previously (Chapter 3.2.3.2). Fatty acid methyl esters 
(FAME) were identified using GC-MS-QP2010 Ultra (Shimadzu Instruments, Singapore) exactly as 
described previously in Chapter 3.2.3.3. The identity and area of the FAME peaks in the samples 
were identified both by matching the retention time (s) with the FAME standards using GCMS 
Solutions software (Shimadzu Scientific Instruments) as well as by matching the mass spectra to the 
NIST2011 library.  
5.2.4 Statistical Analyses 
5.2.4.1 Metabolite profiling of volatiles 
Compounds present in fewer than 50% of the quality control (QC) samples, and column-derived 
compounds were excluded from the analysis. Descriptive statistics and analyses of variance of all of 
the phenotypic data as well as generation of histograms were analysed using IBM SPSS Statistics 25 
(IBM Analytics). Principal components analysis and the generation of scores and loadings plots were 
carried out using SIMCA 14 (MKS Umetrics, Sweden). Correlation analyses between those volatile 
compounds in the RIL population was done using Cytoscape 3.6.1 (Shannon et al., 2003). 
5.2.4.2 Fatty acid analyses 
Fatty acid composition in the rice lipid extracts of the RIL population was expressed as area 
percentage of total fatty acids relative to the peak area and concentration of the internal standard 
(C17:0, 10 mg/ml) as described previously (Chapter 3.2.5.2).  
5.2.5 QTL identification 
Significant SNPs in the RIL population were identified using Trait Analysis by Association, 
Evolution and Linkage (TASSEL; version 5.2.31) (Bradbury et al., 2007), as described in Chapter 4. 
Putative genes were identified using the MSU rice genetic database 
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(http://rice.plantbiology.msu.edu/), rice gene thresher (http://rice.kps.ku.ac.th/Site/index.html), and 
GRAMENE (http://www.gramene.org/). Surrounding genes that are located nearby the peak SNP 
marker were shortlisted and plausible candidate genes were based on their biochemical relevence to 
the origin of volatile compounds in rice plant. The selection of the region with shorlisted genes was  
determined based on the distribution of statistically significant SNPs identified using a generalised 
linear model (GLM) approach in TASSEL as described previously (Chapter 4.5.2). 
5.3 Results 
5.3.1 Volatiles profile of the mapping population 
A total of 131 volatile compounds were detected in rice grains of 290 RILs using the GC×GC-TOF-
MS (Figure 5.1). These compounds include hydrocarbons, aldehydes, alcohols, ketones, esters, N-
containing compounds and S-containing compounds, furans, and carboxylic acids.  
The fragrant rice lines, known to have 2AP (blue), were clearly separated from the non-fragrant lines 
(red), indicating a strong effect of the N-containing volatile compounds on discriminating between 
the genotypes. Of these 290 RILs, 124 do not have 2AP (peak area=0), whereas 16 have peak areas 
from 2533-94000, 52 from 10000 to 94000, 65 with areas between 101965 and 193575 and 33 with 
values from 200533-537367. This separation along PC2 was largely due to 2AP and its associated 
compounds. The separation on PC1 (15.1%) however, was driven by the contribution of the other 
volatile compounds such as odour-active aldehydes, alcohols and ketones and hydrocarbons that are 
known to be derived from further degradation of lipids (Figure 5.1).  
The total ion chromatogram showing the volatiles profile derived from the GC×GC-TOF-MS of the 
parents PRD and TMK are presented in Appendix C-1. Of the 131 compounds, 91 were identified or 
putatively identified in rice (Table 5.1) four N-containing such as 2AP, 19 aldehydes (C4-C12), 17 
ketones, 19 alcohols, three furans, four S-containing volatiles, and 25 hydrocarbons. Some of these 
compounds have specified odour threshold values and odour descriptions that are relevant to the 
sensory and eating attributes of different rice varieties and food products (Buttery et al., 1983, Buttery 
et al., 1999, Buttery et al., 1988, Mumm et al., 2016, Daygon et al., 2016, Calingacion et al., 2017, 
Concepcion et al., 2018). The compounds 1-decene and dodecanal were included in the list (Table 
5.1), despite not being reported in rice, since they are known oxidation products of UFA (Guadagni 
et al., 1963).  
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5.3.1.1 N-containing compounds 
There are five N-containing volatiles identified in this study and four of which were reported in rice 
(Table 5.1). These compounds include the cyclic odour-active volatile compounds 2AP, 2-acetyl-1-
pyrrole, 6-methyl-5-oxo-2,3,4,5-tetrahydropyridine (6M5OTP) and pyrrole. 
 
 
  
Figure 5.1 Principal components analysis (a) scores scatter plot of F6 recombinant-inbred lines 
derived from the cross between Phka Rumduol (PRD) and Thmar Krem (TMK) and (b) the loadings 
plot of 131 volatile compounds detected using two-dimensional gas chromatography-time of flight-
mass spectrometry. 
a) 
b) 
2AP 
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5.3.1.2 Furans  
Among the furans found in the rice population (Table 5.1), 2-pentyl furan and 2-n-butyl furan, have 
been previously reported in rice and are known products of linoleic acid and oleic acid oxidation, 
respectively (Frankel, 1983). The identity of 2-pentyl furan was confirmed using an analytical 
standard (Appendix A-2). 
5.3.1.3 S-containing compounds 
Four odour-active S-containing volatile compounds were detected and putatively identified in the 
population. These compounds include dimethyl disulfide (DMDS), dimethyl trisulfide (DMTS), 2-
methyl-2-undecanethiol and benzothiole (Table 5.1). The identity of DMTS and DMDS were 
confirmed using analytical standards (Appendix A-2). 
5.3.1.4 Aldehydes, alcohols, ketones, hydrocarbons 
Nineteen aldehydes were identified in the rice samples. Of these, there were eight saturated aldehydes 
that ranged from butanal (C4) to dodecanal (C12), five unsaturated aldehydes, five alkylated and two 
cyclic aldehydes. The alkylated aldehydes that were putatively identified and are known to have 
undesirable odours include 2-ethyl hexanal that is associated with sharp and powerful odour, 2-methyl 
butanal, 2-methyl propanal and 3-methyl butanal. Several hydrocarbons were putatively identified, 
although most of them do not have low odour thresholds (Table 5.1). Compounds not related to lipid 
oxidation included terpenes.  
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Table 5.1 Volatile metabolites, their odour threshold and description, and relevant statistics detected in the headspace of milled rice mapping population 
derived from the cross between PRD and TMK. 
Compound Odour description c 
Odour threshold 
(ppb) d1 
RIL (n=290) 
Mean SD Min Median Max Skewness Kurtosis 
N-containing                  
2-Acetyl-1-pyrroline adefghijn popcorn-like 0.1 j 73341.30 98146.20 0.00 14145.30 537367.00 1.50 2.50 
6-Methyl-5-oxo-2,3,4,5-
tetrahydropyridine aln 
popcorn  4155.70 6635.00 0.00 0.00 41377.10 2.30 6.20 
2-Acetylpyrrole adfln nutty 170000 1078.40 2577.00 0.00 0.00 25143.90 4.60 32.40 
Pyrrole afkn nutty, roasted f  3735.00  3368.00  0.00 3444.00  14308.00  0.44 -0.69  
Aldehydes                  
Butanal adf chocolate 9 363955.40 132858.60 90981.60 338340.50 872974.00 0.90 0.90 
Pentanal adfghjm fermented 12 215011.90 103166.60 77253.60 189468.00 941405.00 2.70 11.90 
Hexanal adefghijkm green 4.5 j 1879699.00 1025560.80 699369.00 1633680.00 9317620.00 2.90 13.20 
Heptanal adefhijm green 3 88097.40 26236.80 34648.80 84075.10 201115.00 0.90 1.40 
Octanal adefhijm aldehydic 0.7 70577.50 18870.90 32973.60 68137.10 170523.30 1.20 3.60 
Nonanal adefghjkm fruity or floral 1 273022.80 69277.40 136779.50 265048.50 626195.00 0.90 2.20 
Decanal bdehijm aldehydic, soapy 0.1 j 64160.50 16896.10 32613.30 62724.30 135031.00 0.70 0.90 
Dodecanal b aldehydic; soapy  2 d2 9247.50 6127.80 2430.70 7640.00 40067.60 2.50 7.00 
Benzaldehyde bdefhjm bitter almond 350 j 95197.20 30976.00 36072.10 91522.10 223447.00 0.80 1.10 
2Z-Heptenal adehiljm greene 13 19646.50 9816.00 3509.30 17194.90 79402.40 2.20 8.70 
2E-Hexenal behm green 17 2715.00 1007.30 967.30 2577.10 11519.50 3.20 21.50 
2E-Nonenal bdehjm fatty 0.1 j 14827.20 6059.50 2466.90 15273.60 33604.70 0.30 -0.50 
2E-Octenal befhjmm fatty 3 j 7441.10 3413.80 1469.10 7238.10 21962.00 1.10 1.60 
2E,4E-Nonadienal beh green, fatty  3062.40 1913.10 0.00 3259.10 12418.20 0.20 1.10 
2-Methyl butanal bfk burnt 1 d1 519460.50 281377.60 0.00 518053.00 1513220.00 0.50 0.80 
2-Methyl propanal bn aldehydic, pungent 0.9 d2 1042629.30 425737.10 295809.00 958033.50 3324630.00 1.30 3.10 
2-Ethyl hexanal bi mild odor  23174.10 8770.10 5002.20 22384.10 58116.20 0.50 1.00 
3-Methyl butanal bfm ethereal 0.15 d2 713458.10 419746.10 0.00 602861.00 2823310.00 2.00 5.40 
2-Methyl propenal bn floral  10909.00 18982.20 0.00 5203.20 142671.00 3.60 16.20 
Alcohols                   
1-Butanol bdmkn fermented 500 910749.30 323614.80 310027.00 836142.50 2501610.00 1.60 4.00 
1-Heptanol aeghmn greenc 200 d2 14403.00 5208.40 3357.20 14016.40 33362.40 0.50 0.50 
1-Hexanol bdefghijkmn herbal, grassyj 2500 j 272191.50 123097.10 99550.30 240986.50 1115990.00 2.00 7.70 
 
a Compound identity confirmed by comparison with mass spectra and retention time of analytical standards; b Compound putatively identified; mass spectrum agrees with spectrum in Wiley Subscription 
Services, Inc. (US) mass spectral library; c Odour description derived from the Good Scents Company website (http://www.thegoodscentscompany.com) unless otherwise specified; d Odour threshold 
derived from Buttery et al. 1988 unless otherwise specified: d1 Moore et al., 1976; d2 Guadagni et al., 1963; d3 Takeoka et al., 1990; d4 Ahmed et al., 1978; d5 Hansen et al., 1992; d6 Belitz et al., 2004. 
These compounds were previously reported in rice: d Buttery et al. 1988; e Widjaja et al. 1996; f Buttery et al. 1999; g Calingacion et al. 2012; h Yang et al., 2008; i Calingacion et al. 2015; j Griglione et 
al., 2015; k Daygon et al. 2016; l Daygon et al. 2017; m Calingacion et al., 2017; n Concepcion et al., 2018. 
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Table 5.1 Continued.. 
Compound Odour description c 
Odour threshold 
(ppb) d1 
RIL (n=290) 
Mean SD Min Median Max Skewness Kurtosis 
Alcohols                   
1-Octanol bdehjmn waxy 110 j 21899.10 6432.10 11959.80 20517.10 51207.40 1.20 2.20 
1-Octen-3-ol bdefhjmn earthy 1 j 155367.90 64780.20 74591.10 141201.50 553522.00 2.40 9.20 
1-Pentanol adefhmn fermented 4000 160195.90 63672.20 79420.50 144280.00 456090.00 1.90 4.40 
1-Penten-3-ol bkn green, hay-like k 400 52825.90 23642.10 0.00 50557.90 193922.00 1.20 5.30 
1-Propanol bn mild, alcohol-like 149477.50 109324.70 7286.30 137346.00 1068420.00 3.10 19.90 
2-Methyl-1-propanol bjn ethereal, winey 7000 j 181143.30 66677.80 24482.80 173232.00 468986.00 0.60 1.80 
2-Butanol bn fruity  242970.10 125525.10 0.00 225493.30 903689.00 1.50 4.50 
2-Hexanol ben winey 2500 32261.90 32547.60 0.00 17987.80 238124.50 2.30 8.60 
2Z-Octen-1-ol bn fatty  3748.60 3088.20 0.00 3080.70 25150.00 3.80 19.50 
2-Pentanol be fermented  78888.10 73313.70 6118.20 79085.90 497623.50 1.70 5.40 
2-Butyl-1-octanol bmn    49575.20 20335.20 0.00 45652.30 144146.10 0.70 1.10 
2-Ethyl-1-hexanol bjmn floral, green 270000 j 190125.00 70125.70 76088.10 180121.50 510811.00 1.30 2.50 
2-Methyl-2-butanol bk camphor  3527.40 8671.70 0.00 1438.30 68871.10 5.40 30.90 
2-Methyl-2-propanol bn ethereal winey 7000 j 189457.20 243150.30 0.00 101466.50 1511720.00 2.70 8.90 
3-Methyl-1-butanol bdj fermented, malty 250 79839.00 29995.90 11139.50 73809.90 195856.00 1.10 1.40 
Phenol bi    14337.80 10647.40 5527.80 13517.30 189112.00 15.40 253.50 
Ketones                  
2-Butanone bj fruity, ethereal 50000 j 1610608.10 667083.70 165444.00 1542530.00 3923760.00 0.60 0.70 
2-Decanone beh floral  4783.10 1996.40 0.00 4265.00 14313.30 1.70 3.50 
2-Heptanone adefhm cheesy 140 113735.60 57409.30 47123.60 97051.90 464603.00 2.70 10.00 
2-Hexanone bn fruity  28063.80 20592.30 8881.50 20261.00 122801.00 2.20 5.20 
2-Nonanone bdeh fruity 200 5067.30 2170.30 0.00 4889.40 17760.50 1.10 5.20 
2-Octanone ad earthy, dairy 28 11942.50 3704.80 5769.80 11190.80 29746.00 1.50 3.10 
2-Pentanone bn fruity 2300 d6 64206.30 37410.30 11546.90 63214.30 221822.00 1.10 2.00 
2-Undecanone ad fruity 7 4920.20 4125.10 0.00 3222.60 27050.50 2.00 5.60 
 
a Compound identity confirmed by comparison with mass spectra and retention time of analytical standards; b Compound putatively identified; mass spectrum agrees with spectrum in Wiley Subscription 
Services, Inc. (US) mass spectral library; c Odour description derived from the Good Scents Company website (http://www.thegoodscentscompany.com) unless otherwise specified; d Odour threshold 
derived from Buttery et al. 1988 unless otherwise specified: d1 Moore et al., 1976; d2 Guadagni et al., 1963; d3 Takeoka et al., 1990; d4 Ahmed et al., 1978; d5 Hansen et al., 1992; d6 Belitz et al., 2004. 
These compounds were previously reported in rice: d Buttery et al. 1988; e Widjaja et al. 1996; f Buttery et al. 1999; g Calingacion et al. 2012; h Yang et al., 2008; i Calingacion et al. 2015; j Griglione et 
al., 2015; k Daygon et al. 2016; l Daygon et al. 2017; m Calingacion et al., 2017; n Concepcion et al., 2018. 
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Table 5.1 Continued.. 
Compound Odour description c 
Odour threshold 
(ppb) d1 
RIL (n=290) 
Mean SD Min Median Max Skewness Kurtosis 
Ketones                  
3-Octanone bd herbal 28 3380.80 1468.20 912.60 3074.20 11698.90 1.70 5.90 
3-Octen-2-one bej earthy  6607.20 4022.20 0.00 5539.60 27856.20 2.40 6.80 
3-Penten-2-one bcm fruity, fishy 1.5 18129.60 37148.80 0.00 6009.70 315476.00 3.60 17.90 
2,3-Butanedione akn creamy, buttery  3 296118.90 227205.50 13867.40 256554.00 1879980.00 2.50 12.10 
Acetoin afjkn dairy, butter j 600-750 2508.20 8602.00 0.00 0.00 128583.00 11.20 160.60 
Acetophenone bdeikn floral 65 j 44374.70 30611.00 4421.70 31154.20 128424.00 0.70 -0.80 
Cyclopentanone bm    4199.00 2203.00 0.00 3837.90 21559.80 2.10 13.10 
4-Hydroxy-4-methyl-2-pentanone bin  27246.70 52693.50 0.00 16560.60 722188.00 8.80 106.80 
Benzophenone bi herbal  7478.20 18852.80 0.00 0.00 143826.00 3.90 17.40 
Furans                
2-n-Butylfuran bgin fruity  9351.10 6694.60 1536.60 8663.20 54851.80 2.70 12.50 
2-Ethylfuran bkn powerful, sweet, burnt 6 3109.40 3073.40 0.00 2770.20 28708.20 6.30 46.00 
2-Pentylfuran adefhijmn beany 6 103285.40 42342.10 45406.70 92269.90 329880.00 2.00 6.00 
Hydrocarbons                
3,7-Dimethyl-1-octene bn woody  99506.60 92167.40 0.00 64780.90 578050.00 2.20 5.50 
1-Decene b   55117.97 106622.69 0.00 24613.05 818435.00 3.81 16.23 
3Z-Dodecene bm    73869.80 187898.50 0.00 35910.10 1619170.00 5.70 34.00 
3Z-Tridecene bm    3531.20 5288.60 0.00 3254.10 51870.30 5.40 41.90 
Propyl benzene bin floral  45228.10 29101.40 9459.60 35190.60 191572.00 2.10 5.30 
Ethyl benzene b    226591.00 157253.60 25219.50 178095.00 1350960.00 2.00 8.40 
Aromadendrene bn woody  85197.60 61310 0.00 77092.90 267374.00 0.50 -0.80 
Limonene adefikmn citrus 60 d4 721.90 838.10 0.00 0.00 3732.10 0.70 -0.60 
Hexadecane bmn    59547.70 18582.40 16291.70 56695.80 129856.00 1.50 3.20 
Camphene bin camphor  5942.90 5167.60 0.00 3442.40 26037.90 1.60 1.40 
o-Cymene bin   11.4 d4 7443.30 6387.20 0.00 5827.20 69368.20 4.10 31.50 
 
a Compound identity confirmed by comparison with mass spectra and retention time of analytical standards; b Compound putatively identified; mass spectrum agrees with spectrum in Wiley Subscription 
Services, Inc. (US) mass spectral library; c Odour description derived from the Good Scents Company website (http://www.thegoodscentscompany.com) unless otherwise specified; d Odour threshold 
derived from Buttery et al. 1988 unless otherwise specified: d1 Moore et al., 1976; d2 Guadagni et al., 1963; d3 Takeoka et al., 1990; d4 Ahmed et al., 1978; d5 Hansen et al., 1992; d6 Belitz et al., 2004. 
These compounds were previously reported in rice: d Buttery et al. 1988; e Widjaja et al. 1996; f Buttery et al. 1999; g Calingacion et al. 2012; h Yang et al., 2008; i Calingacion et al. 2015; j Griglione et 
al., 2015; k Daygon et al. 2016; l Daygon et al. 2017; m Calingacion et al., 2017; n Concepcion et al., 2018. 
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Table 5.1 Continued.. 
Compound 
Odour 
description c 
Odour threshold 
(ppb) d1 
RIL (n=290) 
Mean SD Min Median Max Skewness Kurtosis 
Hydrocarbons                   
α-Phellandrene bin terpenic   486.00 902.40 0.00 0.00 5671.40 2.40 7.70 
α-Pinene bikn herbal 9.5 d4 72410.60 43729.40 14755.90 54072.60 311995.00 1.60 3.30 
α-Methylstyrene bi     6545.40 4456.90 1874.40 3906.20 17396.00 0.80 -1.00 
Heptane an     338007.40 142194.10 54143.30 316554.50 790346.00 0.70 0.40 
Octane an     597605.70 289195.40 122669.00 546654.00 1915780.00 1.60 4.40 
Tetradecane aeimn mild waxy   1106166.00 1127694.00 339189.00 696647.50 5628560.00 2.60 5.90 
Tridecane amn hydrocarbon 345751.30 186186.90 61646.50 336584.50 1060945.00 0.50 -0.20 
Undecane amn     1809117.00 1081118.00 321803.00 1683020.00 9022780.00 1.90 7.80 
Dodecane bmn     2790308.00 1622346.00 1012900.00 2181550.00 9504860.00 1.80 2.90 
p-Xylene bin sweet   442681.80 346205.10 48063.80 340947.50 3761390.00 3.70 28.80 
Benzene bn     87007.60 42369.80 10996.30 76486.70 227682.00 1.00 1.10 
Toluene bn     1394185.00 593711.00 165969.00 1326780.00 2944710.00 0.40 -0.60 
2-Methyl naphthalene bh naphthalene 2.5 n 3663.90 1858.40 1516.30 3245.40 15321.70 3.00 11.40 
1,2,3-Trimethyl benzene bn     190379.80 143258.50 64600.40 151371.80 1500660.00 4.50 29.80 
S-containing                 
Dimethyl disulfide bn sulfurous 12 d5 243999.10 63966.50 84613.10 239758.00 607123.00 0.80 2.90 
Dimethyl trisulfide afn alliaceous 0.01 12697.30 6660.50 1750.10 11368.50 50249.70 1.40 4.10 
Benzothiole bh sulfurous 80 d3 6574.00 191.00 1730.20 5316.90 16003.60 1.00 0.10 
2-Methyl-2-undecanethiol bk sulfury k   223338.43 385940.40 42124.30 118407.75 2816100.00 3.84 15.01 
 
a Compound identity confirmed by comparison with mass spectra and retention time of analytical standards; b Compound putatively identified; mass spectrum agrees with spectrum in Wiley Subscription 
Services, Inc. (US) mass spectral library; c Odour description derived from the Good Scents Company website (http://www.thegoodscentscompany.com) unless otherwise specified; d Odour threshold 
derived from Buttery et al. 1988 unless otherwise specified: d1 Moore et al., 1976; d2 Guadagni et al., 1963; d3 Takeoka et al., 1990; d4 Ahmed et al., 1978; d5 Hansen et al., 1992; d6 Belitz et al., 2004. 
These compounds were previously reported in rice: d Buttery et al. 1988; e Widjaja et al. 1996; f Buttery et al. 1999; g Calingacion et al. 2012; h Yang et al., 2008; i Calingacion et al. 2015; j Griglione et 
al., 2015; k Daygon et al. 2016; l Daygon et al. 2017; m Calingacion et al., 2017; n Concepcion et al., 2018. 
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5.3.2 Correlations between rice aroma volatiles 
A correlation network was generated to identify the relationship between the odour-active volatiles 
in rice (Figure 5.2).  
Figure 5.2 Cytoscape circular lay-out of correlations (r=-0.50 to -1.00 and r=0.5 to 1.00) between 
odour-active volatile compounds in 290 rice lines. Red lines indicate positive correlations, whereas 
purple lines indicate negative correlations. Thickness of lines indicate strength of correlations. 
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Red lines indicated positive correlations, whereas purple lines indicated negative correlations. Based 
on this figure, there are three main groups of compounds that explain the aroma in the population and 
these are the following: (1) compounds included in the circular image; (2) the compounds outside the 
circle and also formed links between other compounds such as the N-containing compounds, which 
formed a group of its own outside the circle; and (3) the compounds outside the circle and were not 
connected by a line to the other compounds (Figure 5.2). 
There were four groups of compounds that formed links to other compounds but were separated from 
the main network. One of these groups included 2AP and its derivatives. By examining the correlation 
values, 2AP was strongly positively correlated with its derivatives pyrrole (0.60), 6M5OTP (0.85), 
and 2-acetyl-1-pyrrole (0.57).  
Hexanal, the main marker for fatty acid oxidation, was identified as positively strongly correlated 
with other odour-active compounds that are known to be derived from rice UFA oxidation, and these 
compounds include the following: 2–heptanone (0.93), 1-heptanol (0.50), 1-hexanol (0.35), 1-octanol 
(0.64), 1-octen-3-ol (0.71), 1-pentanol (0.88), 1-penten-3-ol (0.52), 1-propanol (0.38), 2E,4E-
nonadienal (0.39), 2E-heptenal (0.76), 2-hexenal (0.69), 3-octen-2-one (0.52), pentanal (0.94), 2E-
octenal (0.88), 2-pentyl furan (0.87), and 2-n-butyl furan (0.89) (Figure 5.2). These furans — 2-pentyl 
furan and 2-n-butyl furan — were strongly correlated with each other. DMDS and DMTS were also 
strongly positively correlated with each other. 
5.3.3 Fatty acid profile of the mapping population 
The fatty acid profile of the mapping population falls in the range (C12-C24) as described previously 
(Resurreccion and Juliano, 1975, Goffman et al., 2003) and the data presented in Chapter 3. Based 
on the fatty acid profile of the mapping population, the major fatty acids in milled rice are the UFA 
oleic (C18:1n-9) and linoleic acid (C18:2n-6) (Table 5.2). Percent (%) compositions of fatty acids 
present in at least 1% of the total fatty acids are as follows: C18:1n-9 (36.8%±1.40), C18:2n-6 
(33.8%±1.21), C16:0 (21.4%±0.80), C18:0 (3.2%±0.37), and C18:3n-3 (1.5%±0.14) (Table 5.2). The 
mapping population exhibits a normal distribution for the four most abundant fatty acids (Appendix 
C-2). Significantly strong statistical correlations were observed between the most abundant fatty acid 
C18:1n-9 and the four other major fatty acids measured across 197 RILs in the mapping population 
(Table 5.2). The strongest of these relationships was with C18:2n-6 (-0.79), followed by C16:0 (-
0.56). No statistically significant correlation was observed between the % composition of C16:0 and 
C18:2n-6 in the population (Table 5.3). However, C16:0 was significantly negatively correlated with 
the % composition of C18:3n-3.  
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Table 5.2 Fatty acid % composition of two Cambodian rice varieties Phka Rumduol (PRD) and 
Thmar Krem (TMK) and their F6 recombinant-inbred lines (RIL) harvested during the wet season of 
2013 at the Cambodian Agricultural Research and Development Institute. 
Fatty acid 
name 
PRD  TMK  RIL (n=197) 
Mean ± SD Mean ± SD Mean SD Min Median Max Skewness Kurtosis 
C12:0 0.05 ± 0.01 0.05 ± 0.01 0.04 0.01 0.02 0.04 0.07 0.61 0.33 
C14:0 0.48 ± 0.03 0.39 ± 0.07 0.39 0.07 0.23 0.38 0.65 0.58 0.69 
C16:0 22.35 + 0.38 21.20 ± 0.23 21.36 0.80 18.87 21.28 23.21 0.03 -0.45 
C16:1n-7 0.2 ± 0.02 0.20 ± 0.03 0.24 0.03 0.17 0.24 0.35 0.22 -0.02 
C18:0 3.02 ± 0.03 3.36 + 0.30 3.22 0.37 2.52 3.20 4.27 0.36 -0.28 
C18:1n-9 36.11 ± 1.95 34.70 ± 1.52 36.77 1.40 32.80 36.77 40.34 -0.04 -0.01 
C18:2n-6 33.62 ± 1.27 35.99 ± 1.09 33.76 1.21 30.31 33.63 37.37 0.21 -0.06 
C18:3n-3 1.28 ± 0.07 1.58 ± 0.05 1.54 0.14 1.20 1.55 2.01 0.32 0.11 
C20:0 0.90 ± 0.02 0.83 ± 0.04 0.89 0.12 0.51 0.88 1.20 0.16 0.44 
C20:1n-9 0.86 ± 0.51 0.48 ± 0.05 0.52 0.06 0.27 0.52 0.67 -0.37 2.27 
C22:0 0.39 ± 0.01 0.28 ± 0.04 0.41 0.08 0.13 0.42 0.62 -0.45 0.65 
C24:0 0.76 ± 0.21 1.01 ± 0.06 0.85 0.13 0.55 0.85 1.18 0.22 -0.26 
 
Table 5.3 Pearson’s correlation coefficient (r) matrix of % composition of five dominant fatty acids 
(≥1%) in the rice mapping population derived from the cross between two Cambodian rice varieties 
Phka Rumduol (PRD) and Thmar Krem (TMK) and their F6 recombinant-inbred lines (RIL) harvested 
during the wet season of 2013 at the Cambodian Agricultural Research and Development Institute. 
Trait C16:0 C18:0 C18:1n-9 C18:2n-6 C18:3n-3 
C16:0 1.00 -0.07 -0.56** 0.14 -0.47** 
C18:0  1.00 -0.08 -0.30** 0.03 
C18:1n-9   1.00 -0.79** 0.01 
C18:2n-6    1.00 0.09 
C18:3n-3         1.00 
 
** Correlation is significant at the 0.01 level (2-tailed). 
* Correlation is significant at the 0.05 level (2-tailed). 
 
5.3.4 QTLs in the population 
5.3.4.1 QTLs for volatile compounds 
Using the GLM method in TASSEL, QTLs with LOD≥3 were identified to associate with odour-
active volatiles across the 12 rice chromosomes (Table 5.4). QTLs were identified for all odour-active 
compounds that consist of four N-containing and two S-containing compounds, nine ketones, two 
furans, six alcohols and 13 aldehydes (Table 5.4). Of these QTLs, 33 QTLs have passed the 
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permutation tests at P=0.05 as depicted in bold values. Sixteen of the volatile compounds that 
associate with a QTL were confirmed using analytical standards (Table 5.4).  
The QTL associated with the peak area of 2AP was identified on chromosome 8 (LOD=50.28) at 
marker 8834914 (C/T) (position=20,536,561 bp). Likewise, the same QTL peak was identified for 
the other N-containing compounds — pyrrole, 6M5OTP and 2-acetyl-1-pyrrole. This common QTL 
on chromosome 8 was statistically significant for all four compounds after the 1000 permutation 
iterations (P=0.05). Moreover, colocalised QTLs for these N-containing compounds were also 
identified on chromosomes 1, 2, 4, 6 and 7 (Table 5.4; Appendix C-4). Except for the QTLs for 2-
acetyl-1-pyrrole on chromosomes 1 and 6, all QTLs identified for these N-containing compounds are 
significant after permutation analyses (Table 5.4). On the other hand, the QTLs on chromosome 4 
and 7 are minor QTLs (LOD≥2.5) (Table 5.4) and were not statistically significant after permutation 
analyses. Candidate genes for the QTLs associated with these four N-containing compounds at 
chromosomes 1, 2, 6 and 8 are summarised in Appendix C-5.  
QTLs identified for the volatile compounds derived from C18:1n-9 acid and C18:2n-6 are 
summarised in Table 5.4. From these, several QTLs were detected as common for several of these 
volatile compounds (Figure 5.3a-b). Among these common QTLs, the one located at chromosome 6 
was associated with 13 volatile compounds such as aliphatic aldehydes, alcohols and alkyl furans, 
which are mostly linoleic acid oxidation volatiles (Table 5.4; Figure 5.3a). Meanwhile, the QTL at 
chromosome 1, a common QTL for oleic acid oxidation volatiles including nonanal, octanal, heptanal, 
nonane and 1-decene was identified at position=7.92 Mbp (Table 5.4; Figure 5.3b). Four of these 
compounds, nonanal, octanal, heptanal and nonane, were also associated with a common QTL on 
chromosome 3 (marker=277099; position=12.01 Mbp). The candidate genes that could explain the 
presence of these lipid oxidation derived volatile compounds are summarised in Appendix C-5. For 
the QTL on chromosome 1, five genes were shortlisted and which includes two putative lipases, a 
dehydrogenase, a hydrolase and a glycerol-3-phosphate acyltransferase. 
Sulfur-containing volatile compounds DMDS and DMTS were associated with a common QTL on 
chromosome 6 (marker 5883472, position=2.03 Mbp) (Table 5.4; Figure 5.3c). This common QTL 
shows statistically significant LOD scores for DMDS (6.46) and DMTS (8.01), and explains 12.10% 
and 9.88% of the variation in the population, respectively. The additive effect of this QTL was 
contributed by TMK alleles (Table 5.4). DMTS was also associated with a QTL on chromosome 5 
(Table 5.4). This QTL, however, was not linked to DMDS. Candidate genes for these traits are 
summarised in Appendix C-5. 
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Table 5.4 Quantitative trait loci detected for odour-active volatile compounds in 290 F6 rice 
progenies derived through generalised linear model (GLM). 
Trait Chr 
QTL Peak 
Marker 
Position 
(Mbp) 
LOD 
GLM 
GLM Additive 
effect (DPE) 
GLM PEV 
R2 (%) 
N-containing 
2-Acetyl-1-pyrroline* 1 677182 20.19 8.45 42776.11 (P) 14.90 
  2 2072287 21.9 19.12 49942.26 (P) 27.48 
  4 4314701 17.91 3.17 33670.39 (P) 5.69 
  6 5970592 5.34 11.82 40754.65 (P) 19.74 
  7 7711528 20.51 2.95 21798.14 (P) 4.63 
  8 8834914 20.54 50.28 74800.59 (P) 55.50 
6-Methyl-5-oxo-2,3,4,5-
tetrahydropyridine* 
1 677182 20.19 6.19 2513.63 (P) 10.90 
  2 2072287 21.9 13.9 2985.45 (P) 20.80 
  4 4776434 34.1 2.75 1432.68 (P) 4.35 
  6 5970592 5.34 9.23 2297.54 (P) 15.50 
  7 7711528 20.51 2.88 1459.74 (P) 5.00 
  8 8834914 20.54 34.41 4413.35 (P) 42.50 
Pyrrole* 1 677182 20.19 7.6 1358.27 (P) 13.40 
  2 2072287 21.9 18.1 1733.23 (P) 26.23 
  4 4314701 17.91 2.55 1005.60 (P) 4.43 
  6 5970592 5.34 9.54 1376.86 (P) 16.00 
  7 7072228 4.43 3.5 581.59 (P) 5.48 
  8 8834914 20.54 51.66 2592.63 (P) 56.50 
2-Acetyl-1-pyrrole* 1 677182 20.19 3.76 765.50 (P) 6.30 
  2 2072287 21.9 7.8 889.64 (P) 12.30 
  4 4776434 34.1 2.43 519.78 (P) 3.85 
  6 5970592 5.34 4.68 467.54 (P) 7.70 
  7 7711528 20.51 2.5 521.44 (P) 3.94 
  8 8834914 20.54 14.75 1183.59 (P) 21.10 
Alcohols 
1-Butanol 5 5121882 8.84 3.76 74246.25 (T) 5.10 
  7 7782655 22.45 3.06 43243.06 (P) 4.81 
  8 8149888 5.28 3.24 55054.09 (T) 5.09 
1-Pentanol* 6 SNP-6_1500959 1.5 9.18 26445.16 (P) 13.74 
1-Hexanol 1 1170870 36.08 3.87 29316.23 (P) 6.05 
  6 SNP-6_1500959 1.5 11.06 56060.90 (P) 16.31 
  12 12052896 2 4.02 30351.20 (P) 6.63 
1-Heptanol* 6 SNP-6_1500959 1.5 3.74 1405.10 (P) 5.84 
  10 10461895 11.84 3.49 244.00 (P) 5.47 
  12 12072314 2.65 4.34 1041.95 (P) 6.75 
1-Octanol 6 SNP-6_1500959 1.5 5.48 2108.45 (P) 8.44 
2Z-Octen-1-ol 12 id12008557 24.09 3.64 664.60 (T) 4.63 
Aldehydes 
Pentanal* 6 SNP-6_1500959 1.5 3.89 28241.54 (P) 6.07 
Hexanal* 6 SNP-6_1500959 1.5 7.46 388946.44 (P) 11.32 
Heptanal* 1 245712 7.92 5.23 7814.77 (P) 8.30 
  3 2770990 12.01 3.08 8277.66 (P) 4.76 
 
*Identity confirmed using analytical standards; Chr, chromosome number; Position (Mbp), marker physical position in 
mega base pairs; LOD GLM, Logarithm of Odds using generalised linear model; PEV (R2), Percentage of total phenotypic 
variance explained by the QTL; DPE, direction of phenotypic effect; P, Phka Rumduol; T, Thmar Krem; bold values for 
LOD GLM means significant at P=0.05 after 1000 permutations. 
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Table 5.4. Continued.. 
Trait Chr 
QTL Peak 
Marker 
Position 
(Mbp) 
LOD 
GLM 
GLM Additive 
effect (DPE) 
GLM PEV 
R2 (%) 
Aldehydes 
Octanal* 3 2770990 12.01 3.42 6152.02 (P) 5.35 
  1 245712 7.92 5.10 5815.93 (P) 8.60 
Nonanal* 1 245712 7.92 3.75 17858.83 (P) 6.10 
  3 2770990 12.01 3.19 21380.35 (P) 4.95 
2E-Nonenal 6 id6001535 2.01 9.94 2525.56 (P) 14.80 
2E-Octenal 6 SNP-6_1500959 1.5 8.01 1335.54 (P) 12.10 
Dodecanal 2 1711443 11.05 5.49 82.81 (T) 8.46 
2-Methyl propanal 6 5883472 2.13 3.26 94300.74 (T) 5.12 
3-Methyl butanal 7 rd7002211 23.31 3.03 54189.23 (T) 4.92 
2-Ethyl hexanal 2 ud2002015 34.04 3.95 2148.11 (P) 6.16 
2E,4E-Nonadienal 6 SNP-6_1500959 1.5 6.48 660.81 (P) 9.91 
Benzaldehyde 3 2945947 17 3.10 6844.31 (P) 4.87 
Ketones 
2-Heptanone* 6 SNP-6_1500959 1.5 10.420 25213.90 (P) 15.45 
2-Decanone 3 2770990 12.01 3.260 659.12 (P) 5.07 
  4 4754818 33.16 3.750 320.71 (T) 5.86 
  6 6794969 25.76 3.340 624.49 (P) 5.01 
  7 7040326 3.11 3.950 798.38 (P) 6.48 
2-Undecanone 1 1086147 33.16 3.540 283.76 (P) 5.54 
3-Heptanone 7 7457807 13.82 4.090 1987.37 (P) 6.48 
3-Octanone 7 rd7002211 23.31 3.740 137.41 (P) 6.03 
2,3-Butanedione* 3 3096758 20.77 3.600 48429.60 (P) 4.57 
  8 8686009 17.32 3.040 9226.31 (T) 4.78 
Cyclohexanone 3 2932640 16.69 3.090 396.33 (P) 4.85 
3-Octen-2-one 6 SNP-6_1500959 1.5 6.780 1435.75 P) 10.34 
3-Penten-2-one 12 id12008557 24.09 3.950 8371.62 (T) 5.08 
Furans 
2-n-Butylfuran 6 SNP-6_1500959 1.5 10.65 2989.19 (P) 15.75 
2-Pentylfuran* 6 SNP-6_1500959 1.5 10.02 18417.44 (P) 14.90 
S-containing            
Dimethyl disulfide* 2 id2000235 0.32 3.00 13657.27 (T) 4.72 
  6 5883472 2.13 8.04 23115.01 (T) 12.14 
Dimethyl trisulfide* 5 5754154 27.84 5.40 1985.81 (T) 8.34 
  6 id6001535 2.01 6.46 2260.91 (T) 9.88 
  11 c11p10263123 10.26 3.11 1378.45 (T) 4.53 
Hydrocarbons            
Nonane 1 245712 7.92 12.88 31443.46 (P) 21.80 
  3 2770990 12.01 3.50 23273.62 (T) 5.49 
1-Decene 1 245712 7.92 6.55 33866.11 (P) 8.80 
 
*Identity confirmed using analytical standards; Chr, chromosome number; Position (Mbp), marker physical position in 
mega base pairs; LOD GLM, Logarithm of Odds using generalised linear model; cM, centimorgan; PEV (R2), Percentage 
of total phenotypic variance explained by the QTL; DPE, direction of phenotypic effect; P, Phka Rumduol; T, Thmar 
Krem; bold values for LOD GLM means significant at P=0.05 after 1000 permutations. 
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5.3.4.2 Fatty acid percentage composition QTLs 
Eight QTLs were identified for the eight fatty acids measured in the population (Table 5.5). From 
these, three were identified as common QTLs for % fatty acid composition (Table 5.5). Candidate 
genes for these QTLs are summarised in Appendix C-5. The most significant among the QTLs for 
fatty acid are located on chromosomes 3, 6 and 7 (Table 5.5). A major QTL was identified for C16:0 
located at chromosome 6 and peaked at SNP marker 5882239 (position=2.03 Mbp) and explains 
41.1% of the fatty acid variation in the population. Close to this QTL region is a QTL for C18:3n-3, 
which is additively contributed by the TMK allele. 
c) b) 
a) 
Figure 5.3 Quantitative trait loci at chromosomes (a) 6 and (b) 1 common to odour-active volatile 
compounds that are derived from oleic and linoleic acid oxidation processes identified in the F6 
recombinant-inbred population derived from the cross between varieties PRD and TMK. Negative 
log10-transformed P values from the generalised linear model analysis are plotted against the 
genomic physical position. 
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Table 5.5 Quantitative trait loci detected for % fatty acid composition in 197 F6 rice progenies 
derived through generalized linear model (GLM). 
*Trait Chr 
QTL Peak 
Marker SNP 
Position 
(Mbp) 
LOD 
GLM 
GLM Additive 
effect (DPE) 
GLM PEV 
R2 (%)  
C16:1n-7* 3 3528886 G/A 34.92 4.57 b 0.01 (P) 10.3 
C18:0* 3 id3013770 A/G 29.26 5.17 b 0.12 (P) 11.5 
C16:0* 6 5882239 A/G 2.03 22.28 a 0.54 (P) 41.1 
C18:3n-3* 6 5926489 T/C 3.72 4.70 b 0.05 (T) 10.6 
C14:0* 7 7746043 C/T 21.34 4.17 c 0.02 (P) 9.4 
C16:1n-7* 7 7809062 G/A 23.36 6.84 a 0.01 (T) 15 
C18:1n-9 7 7820873 G/T 23.79 7.89 a 0.60 (P) 17.1 
C18:2n-6* 7 7820873 G/T 23.79 6.73 a 0.49 (T) 14.8 
 
*Identity confirmed using analytical standards; Chr, chromosome number; Position (Mbp), marker physical position in 
mega base pairs; LOD GLM, Logarithm of Odds using generalised linear model; PEV (R2), Percentage of total phenotypic 
variance explained by the QTL; DPE, direction of phenotypic effect; P, Phka Rumduol; T, Thmar Krem. a,b,cQTLs 
identified using GLM at above the p=0.001, p=0.01 and p=0.05 threshold using permutation analysis, respectively. 
 
 
QTLs common to the most predominant fatty acids — C18:1n-9 and C18:2n-6 — were identified on 
chromosome 7 (position=23,785,728 bp; marker=7820873) (Appendix C-2). This QTL explains 32% 
of the variation in % fatty acid composition. Increased C18:1n-9 is contributed by PRD, whereas 
increased C18:2n-6 is contributed by TMK (Table 5.5). 
5.4 Discussion 
Several of the volatile compounds with low odour threshold are presumed to be derived from UFA 
oxidation. In order to begin to understand the genetic basis for these, identifying common QTLs 
linked these compound are necessary. Having identified strong statistical correlations between 
specific volatile compounds, such as 2AP and its derivatives, those compounds that are derived from 
either oleic and linoleic acid provide a good basis for identifying a common genetic explanation for 
the expression of these traits. 
5.4.1 Markers for N-containing compounds  
The presence and peak areas of N-containing compounds are strongly controlled by a major gene on 
chromosome 8, which verifies previous findings on the genetics of 2AP (Kovach et al., 2009) and its 
derivatives (Daygon et al., 2017, Concepcion et al., 2018). The strong correlations among these N-
containing compounds and their common genetic link validated their common biochemical link 
(Daygon et al., 2017) in a RI indica population. In this current study, the identification of the major 
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protein responsible for rice fragrance was carried out using online bioinformatics tools. About 200 
bp away from the QTL at chromosome 8 is a protein-coding gene LOC_Os08g32870 
(position=20,379,794 to 20,386,061 bp) with transcript Os08t0424500-01 that codes for amino 
aldehyde dehydrogenase (AADH) was located, confirming the identity of the QTLs. Candidate genes 
for the QTLs on chromosomes 1, 2 and 6 include hydrolases and dehydrogenases, which are all 
expressed in rice endosperm and are involved in amino acid metabolism. In addition to the QTL 
associated with AADH at chromosome 8, and the presence of several mutations in this gene (Shi et 
al., 2008, Kovach et al., 2009, Shao et al., 2011), previous QTL mapping studies have also identified 
QTLs for aroma at other chromosomes, such as on chromosome 3 (Singh et al., 2007), 4 (Golestan 
Hashemi et al., 2015), 3 and 4 (Amarawathi et al., 2008); and 4 and 12 (Lorieux et al., 1996) and 
more recently on chromosome 1 (Daygon et al., 2017). These past studies, and the novel QTLs for 
2AP, pyrrole, 2-acetylpyrrole and 6M5OTP at chromosomes 2 and 6 identified here, indicate the vast 
diversity in the genetics underpinning 2AP and suggests that further investigation is needed to fully 
understand the underlying genetic basis of these fragrant compounds. These identified QTLs and the 
minor QTLs colocalised on chromosomes 4 and 7 can be further validated by fine mapping. 
5.4.2 Volatiles are derived from lipids 
Excluding 2AP and its derivatives, the wealth of odour-active volatile compounds identified and 
putatively identified in this study, shows the complexity of aromatic compounds that give rice its 
signature aroma. Many volatile compounds are derived from the oxidation of lipids. With a small 
amount of lipids present in milled rice (Resurreccion and Juliano, 1975), the influence of lipids in 
rice quality can easily be ignored until the biochemical changes that explain the important quality 
traits such as texture and aroma are carefully investigated. As an example, the removal of lipids in 
the variety Koshihikari showed significant effect on the functionality of starch as depicted by reduced 
swelling of amylose in the RVA curve and therefore increased firmness of cooked rice flour (Philpot 
et al., 2006). Oxidation of oleic and linoleic acids produces odour-active volatiles such as aldehydes, 
alcohols and hydrocarbons, for examples, as breakdown products of their monohydroperoxides 
(Christie, 1973, Velasco et al., 2010, Frankel, 1983, Frankel, 2012). In addition, the evolution of these 
volatile compounds can be driven by the action of lipoxygenase (LOX) and hydrolase enzymes such 
as lipases (Schwab et al., 2008). In rice seeds, LOX activity is localised in the bran and LOX-3 is the 
major isozyme component (Suzuki et al., 1999). The strong statistically significant relationship 
between linoleic acid oxidation volatiles, which can be derived from the action of LOX-3, such as 
identified in this study, verify the results in Chapter 3, where a set of diverse Cambodian varieties 
was used as plant materials. Hexanal, which is a major marker for lipid oxidation (Schaich et al., 
2013), is highly correlated with other volatile compounds that are known lipid oxidation products — 
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pentanal (0.94), 2E-octenal (0.88), 2-pentyl furan (0.87), 1-pentanol (0.88), 3-octen-2-one (0.52) and 
2-heptanone (0.93), all of which are products of the oxidation of linoleic acid (Frankel, 1983), 
heptanal (0.64), octanal (0.68) and nonanal (0.93) and 2-n-butyl furan (0.89), derived from oleic and 
linolenic acid oxidation, respectively (Frankel, 1983). These strong positive correlations signal a 
biochemical link between these compounds. This link has been described in a previous QTL mapping 
study using a RIL population derived from two non-fragrant rice varieties, where strong positive 
correlations were identified for hexanal, 1-pentanol and 2-heptanone (Calingacion et al., 2017). 
However, in that study, the common QTL identified for these metabolites was in chromosome 3. 2-
Heptanone, described as having a cheesy aroma, is formed by β-oxidation of saturated fatty acids 
followed by decarboxylation or by decarboxylation of β-ketoacids. 3-Octen-2-one was previously 
reported in cooked rice and was described as having a green and fruity aroma (Widjaja et al., 1996). 
Moreover, one compound that has been consistently identified in rice (Buttery et al., 1988, Widjaja 
et al., 1996, Buttery et al., 1999, Griglione et al., 2015, Calingacion et al., 2017, Concepcion et al., 
2018) and which was putatively identified in this study is 1-octen-3-ol (Table 5.1). This compound is 
known to be derived from the action of lipoxygenase/hydroperoxide lyase on linoleic acid but which 
is not associated with a QTL. This compound is described as exhibiting a distinct earthy aroma 
(Griglione et al., 2015). The absence of strong associations between 1-octen-3-ol and the SNPs in the 
rice population is perhaps due to the lack of significant variation for this compound in the population.  
The common QTLs for UFA oxidation volatile compounds (Figure 5.3b) show that these compounds 
are not only statistically correlated in terms of peak area, but can also be derived from a common 
genetic and/or biochemical origin. In this current study, there were five QTLs that were identified as 
common to UFA-derived volatile compounds. One of the candidate genes on chromosome 6 that 
could explain the variation in these volatiles is a putative lipoxygenase (LOC_Os06g04420) that is 
homologous to LOX5 in A. thaliana (Umate, 2011), although no existing gene expression data for 
this gene is currently available. The most plausible gene for this is a QTL for volatile compounds at 
chromosome 3, LOC_Os03g21250. This gene encodes a glycosyl transferase family 8 protein and is 
expressed in all parts of the rice plant, including the endosperm. This can be because the evolution of 
volatile compounds can be traced back as a response to a stressful growing environment. Although 
there was no obvious abiotic stress induced in the field during the growing of the samples, the natural 
soil conditions could have affected how the two varieties, PRD and TMK responded to during the 
course of their development. The other possible gene candidate for the QTL on chromosome 3 is 
LOC_Os03g21260, which is a 2,3-bisphosphoglycerate-independent phosphoglycerate mutase 
expressed in the embryo of rice. The possibility of the embryo being retained after the milling process 
is a consideration that can explain the association of the QTL to this gene, even though this gene is 
91 
not expressed in the endosperm. Further work needs to be done to verify the presence of this QTL. 
Lipoxygenase regions in chromosome 3 such as LOC_Os03g49380 (position=28,106,903-
28,113,300 bp), LOC_Os03g52860 (position=30,315,455 to 30,318,972 bp) were too distant from 
the QTL identified in this study. 
1-Heptanol and 1-hexanol were associated with a QTL on chromosome 12. LOXs are not found near 
these QTL regions. The three LOX genes on chromosome 12 — LOC_Os12g37260 
(position=22,854,611 to 22,860,200 bp), LOC_Os12g37320 (position=22,920,107 to 22,923,778 bp) 
and LOC_Os12g37350 (position= 22,934,817 to 22,936,818 bp) — were too distant from the QTL 
identified here. However, in the region where the QTL lies, there are several genes and the most 
plausible candidate is LOC_Os12g05630 (position=2,588,413 – 2,589,305 bp), a hypothetical protein 
and described as a putative hydrolase protein. Hydrolases are enzymes that catalyse the cleavage of 
a covalent bond using water (Sullivan, 2004). This enzyme group includes esterases, such as 
phosphatases and lipases, that act on ester bonds, and proteases or peptidases that act on amide bonds 
in peptides. 
Alkyl furans were one of the most significantly discriminating classes of compounds in fragrant rices 
in Chapter 3, therefore their presence and relative abundance was monitored here. There are multiple 
pathways underlying furan formation, such as (1) thermal degradation or rearrangement of 
carbohydrates alone or in the presence of amino acids, (2) thermal degradation of certain amino acids, 
(3) oxidation of ascorbic acid under high temperatures, and (4) oxidation of PUFA and carotenoids. 
Previous research has demonstrated the role of temperature in furan formation (Crews and Castle, 
2007, Seok et al., 2015). Furans are formed from the degradation and rearrangement of carbohydrates 
and PUFA upon high temperature treatment. The formation of furans from UFA increases with 
increasing degree of unsaturation (Ho et al., 1978, Fan, 2015). 2-Pentyl furan has been described to 
have a characteristic beany odour, whereas 2-ethyl furan and 2-n-butyl furan are described as having 
burnt and fruity aromas respectively (http://www.thegoodscentscompany.com). 2-Pentylfuran and 2-
n-butyl furan are derived from the UFA oxidation, specifically from linoleic and linolenic acid, 
respectively. These two compounds are also associated with the same QTL at chromosome 6, which 
implies that a similar biochemical mechanism drives the evolution of these two compounds. Similar 
to previous findings, 2-pentyl furan is highly correlated with hexanal, indicating a strong biochemical 
link between the two volatiles (Griglione et al., 2015). Hexanal is also strongly correlated with 1-
hexanol, which can be explained by the biochemical origin of 1-hexanol from hexanal (Matoba et al., 
1989). Identifying where these fatty acids originate from, and specifically which lipid molecule, will 
provide insights into the underlying genetic mechanisms that govern the accumulation of these lipid 
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species. This will also provide understanding regarding the odour threshold values of these 
compounds and the extent to which they contribute to the aroma of fragrant rice PRD. 
5.4.3 Markers for cooked rice off-flavours 
Markers to select against undesirable quality traits are also needed in combination with markers for 
desirable traits, such as 2AP. Volatile S-containing compounds such as DMTS and DMDS are known 
to originate from S-containing amino acids or proteins (Parker, 2015). Sulfur-containing volatile 
compounds are known to exhibit strong aromas and have been identified and studied in rice (Buttery 
et al., 1999) and other plant products (Elmore et al., 2008, Gonda et al., 2013). DMDS and DMTS 
are the simplest disulfides, which are associated with unpleasant odours in cooked rice (Daygon et 
al., 2016) and rice cakes (Buttery et al., 1999). The identification of QTLs for these two compounds 
suggest that these traits vary across genotypes. DMTS, known to have an alliaceous type or “garlic-
like” odour, has been reported to be a major cause of undesirable flavour in overcooked vegetables 
(Hansen et al., 1992). This compound is produced from the thermal degradation of the naturally 
occurring S-containing amino acid, S-methyl-L-cysteine, and its sulfoxide. DMDS is the predominant 
volatile generated from both precursors, whereas DMTS is an odour-active breakdown product of S-
L-methyl cysteine sulfoxide (Kubec et al., 1998, Parker, 2015). These S-containing compounds have 
been reported in other plant foods (Hansen et al., 1992, Belitz et al., 2004). Putative genes for DMDS 
and DMTS on chromosome 6 (Appendix C-5) include the following: 1) LOC_Os06g04650 codes for 
peptide methionine sulfoxide reductase; 2) LOC_Os06g05690 that codes for the putative 
chloroplast/chromoplast precursor cysteine synthase (Os06t0149700); 3) LOC_Os06g05700 
(position=2,579,088-2,581,726 bp); and 4) LOC_Os06g07860 that codes for cystathionine gamma-
synthase (Os06t0175800). Candidate genes that are most likely associated with the QTL for DMTS 
on chromosome 5 include LOC_Os05g49070 and LOC_Os05g50090 coding for a putative and 
expressed dehydrogenase, and oxidoreductase, 2OG-FeII oxygenase domain containing, respectively. 
About seven Mbp away from the QTL peak lies a gene that encodes for peptide methionine sulfoxide 
reductase, which was also shortlisted as a candidate gene for the QTL for DMTS and DMDS on 
chromosome 6. Given that these S-containing compounds are found in both fragrant and non-fragrant 
rices, there is an indication that all rices produce these undesirable odours; however, the potency of 
these odours depend on their concentration and odour threshold values relative to the concentration 
of compounds with desirable aromas that possibly mask the undesirable aromas. Further work, 
particularly on the relationship between grain protein and amino acid content and S-containing 
volatiles is needed to trace the evolution of these compounds and possibly identify markers that can 
select against these undesirable odours. 
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Another group of amino acid-derived volatile compounds that were putatively identified and are 
known to have undesirable odours include four aldehydes — 2-ethyl hexanal, 2-methyl butanal, 2-
methyl propanal and 3-methyl butanal. 2-Ethyl hexanal is associated with a sharp and powerful odour 
and was previously identified in rice (Calingacion et al., 2015), although its identity was not 
confirmed using an analytical standard. 2-Methyl propanal, 2-methyl butanal, and 3-methyl butanal 
are known as Strecker aldehydes and are formed from the amino acids valine, isoleucine, and leucine, 
respectively (Rizzi, 1999, Belitz et al., 2004). These three volatile aldehydes have been previously 
identified as significant compounds that differentiate wheat cultivars with different sulfur nutrition 
(Elmore et al., 2008). 2-Methyl butanal and 2-methyl propanal are associated with distinct malty 
flavour (Moore et al., 1976, Belitz et al., 2004) that can greatly contribute to complexity of aroma in 
rice. 
5.4.4 Other volatile compounds 
The rice grain holds a wealth of aroma-contributing volatile compounds that can be traced back to 
compounds that the rice plant, similar to other cereals and plants, produces naturally for defense 
against abiotic and biotic stresses. These compounds include α-pinene, α-phellandrene, limonene, γ-
terpinene among others (Table 5.1). These volatile are classified as terpenoid metabolites. Terpenes 
are a large and diverse group of plant-derived hydrocarbons that are widely used as components of 
essential oils, perfumery and cosmetics (Singh and Sharma, 2015). Volatile aromatic terpenes are of 
interest to researchers because of their inherent volatiles profile that contribute to the characteristic 
aroma of plants and plant products (Plotto et al., 2004, Chmiel et al., 2017). Among the volatile 
terpenes, isoprenoids, including isoprene and terpenes such as monoterpenes and sesquiterpenes, 
include compounds that hold importance in plant respiration, photosynthesis, cell membrane fluidity 
and responses to biotic interactions (Loreto et al., 2014, Singh and Sharma, 2015). Although these 
compounds are not derived from lipids, their distinct odour contributed to the overall aroma of rice. 
5.4.5 Fatty acids 
Fatty acids are the building blocks of lipids (Christie, 1973). The predominance of UFA oleic and 
linoleic acid in milled rice samples indicate that the lipid species where these fatty acids originate are 
mostly lipids with oleic and linoleic acids as their fatty acid side chains. This therefore means that the 
main pathways that works for grain lipid biosynthesis involves the biosynthesis of FFA, glycerolipids, 
phospholipids, glycolipids and lysophospholipids. This is because these lipid groups contain fatty 
acids as side chains. Ying et al. (2012) identified several QTLs for fatty acid composition in brown 
rice fatty acid composition using a double haploid population. This current chapter did not verify any 
of these reported QTLs. However, consistent with previous findings of % fatty composition in 
different cereals, a similar trend in statistical correlations between the compositions of the major fatty 
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acids in rice, was observed in this study. Oleic acid was negatively correlated with both palmitic and 
linoleic acid, a trend that has been identified in Chapter 3. The metabolites detected and identified in 
this study were reported based on their peak abundance (area) in a certain weight of rice flour (one 
gram for volatile compounds and 200 mg for FAME). A grain of PRD is heavier than one of TMK, 
which means that more TMK grains and therefore more grain of TMK-like grains were used for each 
of the analyses, thereby diminishing the actual difference of each metabolite that was detected and 
measured in these lines. 
Five candidate genes were shortlisted for the variation in % composition of oleic and linoleic acid on 
rice chromosome 7. The first is an acyltransferase, LOC_Os07g34730 (position=20,812,544–
20,808,033 bp). This gene is orthologous to genes for glycerolipid biosynthesis in other plants such 
as Arabidopsis (AT5G60620), maize (GRMZM2G123987) and sorghum (Sb02g035260) among 
others. The second candidate gene for the QTL is a putative diacyglycerol kinase (DGK), DGKs are 
critical signalling enzymes that phosphorylate diacylglycerol (DAG) to yield phosphatidic acid (PA) 
(Escobar-Sepúlveda et al., 2017), which is a precursor to all phosphoglycerolipids as well as 
triacylglycerols and galactolipids (Arisz et al., 2013). The third and fourth candidate genes are 
putative lipases (LOC_Os07g37840) and GDSL-like lipase/acylhydrolase (LOC_Os07g39740). 
Lipases (triacylglycerol ester hydrolases, EC 3.1.1.3) are enzymes that catalyse the cleavage of ester 
bonds in triglycerides to yield glycerol and free fatty acids (FFA) and are distributed broadly 
throughout plants, animals, and microorganisms (Santos et al., 2013). Lipases preferentially 
hydrolyse long-chain acylglycerols (10 carbon atoms at least). Lipase in the rice grain is 
predominantly found in the bran, which in our study might have not been totally removed from the 
grain after milling. The variation in the UFA % composition across the population can be attributed 
to the inherent difference in bran components and overall seed composition of the parental lines PRD 
and TMK. The last candidate gene for the % composition of oleic and linoleic acid is 
LOC_Os07g23410, which encodes a putative omega-6 fatty acid desaturase (FAD), located farther 
away from the peak of the QTL (pos=13,201,060-13,206,929). 
In the regions where the QTLs for palmitoleic and stearic acid were located on chromosome 3, two 
lipid-related putative genes were annotated. These genes are LOC_Os03g52570 and 
LOC_Os03g61720, both of which encode for a putative glycerol-3-phosphate acyltransferase 
(GPAT), which can plausibly explain the variation in % composition of stearic and palmitoleic acids 
identified in this study. GPAT is an important enzyme in the glycerolipid biosynthetic pathway and 
is involved in different metabolic pathways and physiological functions. It catalyses the esterification 
of a fatty acyl moiety from acyl-CoA or acyl-ACP (where CoA is coenzyme A and ACP is acyl carrier 
protein) to the sn-1 position of glycerol-3-phosphate (G3P), resulting in formation of 
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lysophosphatidic acid (LPA) (Chen et al., 2011) and possibly the biosynthesis of triacylglycerol 
(TAG) and membrane lipids (Wendel et al., 2009, Xue et al., 2017).  
For the QTLs at chromosome 6, the candidate genes shortlisted that are associated with the % 
composition of palmitic and linolenic acid in the mapping population are GDSL-like 
lipase/acylhydrolase (LOC_Os06g05550; position=2,515,760–2,517,940 bp) and  a putative 
oxidoreductase, 2OG-Fe oxygenase family protein (LOC_Os06g04660; position=2,030,467-
2,034,813 bp) are the two candidate genes, mainly due to their hydrolysing functions that can be 
linked to the release of FFA from an intact lipid molecule. GDSL-like lipases has been reported to 
play a role in in plant systemic immunity (Hong et al., 2008), whereas oxidoreductase, 2OG-Fe 
oxygenase catalyse the formation of plant hormones and pigments such as flavones in plants (Jiang 
et al., 2016). The presence of genes that are involved in lipid biosynthetic pathways in close proximity 
to the identified QTLs for fatty acid % composition indicate a genetic origin for the variation in fatty 
acid composition in rice. Moreover, the identification of the actual lipid classes and species will 
provide information on the origin of these fatty acids.  
5.5 Conclusions 
In this chapter, several QTLs were identified for volatile compounds in fragrant and non-fragrant rice. 
Compounds that were additively contributed by the fragrant parent PRD include 2AP and its 
derivatives, the saturated aldehydes, alcohols and ketones and the alkylfurans, whereas S-containing 
compounds were contributed by the non-fragrant parent TMK. Genetic variation linked to SNPs on 
chromosome 7 explained the differences in the % composition of C18:1n-9 and C18:2n-6, the two 
most abundant fatty acid in rice and the probable origin of most volatile compounds detected. It is 
then important to identify which lipid species these UFA are coming and this can be done through 
lipid profiling. By identifying major QTLs for the existing grain quality traits, this chapter has 
demonstrated that these quality traits are genetically controlled and that breeding of new varieties that 
are of comparable quality to PRD can be achieved using molecular markers. However, QTLs 
identified in this current mapping population should be validated in different genetic backgrounds 
and/or environments in order to ensure their stability as genetic markers. This research has 
demonstrated that breeding for high quality rice can be further improved with the current tools in 
separation science and molecular biology. The data and knowledge obtained from this research will 
be valuable to researchers in the areas of rice grain quality, rice breeding, and food science 
technology. 
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 Lipidomics reveals associations between rice grain 
quality traits 
Chapter Abstract. This chapter shows the first untargeted lipidomics work on milled rice. Using an 
ultra-performance liquid chromatograph coupled to tandem mass spectrometers (UPLC-MS/MS), 
thousands of features were identified in the milled rice flour of several rice varieties and breeding 
lines. As a proof of concept, lipidomics was carried out on four Australian rice varieties grown on 
different nitrogen nutrition and demonstrated a strong genotype-basis for the lipid profile and a 
statistically insignificant effect of nitrogen application. In order to determine the relationships 
between lipids and other quality traits, untargeted lipidomics was carried out on a subset of a 
genotyped F6 recombinant-inbred population derived from two rice varieties of different aroma 
profiles, physical quality, textural quality and fatty composition. Positive ionisation mode using the 
UPLC-MS/MS detected 2359 features and of these, 754 were putatively assigned into categories 
based on the LIPID MAPS classification scheme. By combining all of the data acquired for this RIL 
population, several strong statistical correlation were observed for different putative lipids; 
specifically with apparent amylose content (AAC) and viscosity parameters, tracing back these 
relationships to the amylose-lipid complex formation. This result was verified in a set of 25 diverse 
rice varieties, which showed clear differentiation between glutinous and non-glutinous rice, and with 
the high AAC hard gel varieties forming a distinct group from the rest of the varieties screened. This 
chapter demonstrates the strength of untargeted lipidomics in putatively determining features that 
differentiate varieties from each other, compounds that are strongly discriminating varieties of 
different physical and textural quality and aroma profiles.  
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6.1 Introduction 
The previous chapters have looked into the texture (Chapter 4) and volatile compounds (Chapter 5) 
of the mapping population derived from the cross between two varieties of rice with contrasting 
quality. Large-effect quantitative trait loci (QTL) conferring variations in apparent amylose content 
(AAC), gelatinisation temperature (GT) and pasting properties were identified in the population. 
Moreover, large-effect QTLs were also identified for 2AP and its derivatives, explaining the variation 
in fragrance in the population. In addition to the genetic basis of 2AP, several QTLs were identified 
for volatile compounds that are derived from the oxidation of oleic and linoleic acid, which are the 
most predominant fatty acids in milled rice grains (Chapters 3 and 5). These two fatty acids can either 
be derived from free fatty acids (FFA) present in the endosperm and on the surface of milled rice 
grains, or can be side chains of larger lipid molecules. In the current chapter, the lipid features in the 
mapping population will be screened using untargeted lipidomics. Following the lipidomic analysis, 
associations will be done in order to determine the relationship between lipids and the other traits of 
quality, and to determine whether there are QTLs that are related to the amounts of lipid species in 
rice. 
Rice is graded based on grain quality, specifically polished or milled rice physical and sensory 
attributes, which have been the benchmarks in breeding new varieties (Fitzgerald et al., 2009b). The 
rice seed is a natural storage organ for different macromolecules such as starch, proteins, and lipids, 
non-starch polysaccharides and volatiles (Juliano et al., 1965). Polished rice is largely composed of 
starch (90%) but is also known to have ample amounts of proteins and lipids (Mitchell, 2009, 
Bergman et al., 2011). Starch in rice has been extensively studied in different ways and there are 
available markers that allow early screening of grain quality traits that are useful for breeding 
programs (Buléon et al., 1998, Cuevas and Fitzgerald, 2012, Luo et al., 2015). Proteins in rice have 
also been studied by different groups (Yamagata et al., 1982, Martin and Fitzgerald, 2002, Lin et al., 
2005). Lipids, on the other hand, are understudied because this group of macromolecules is only 
found in minute quantities, constituting about 0.8–4% of the polished grain (Morrison, 1977, Juliano, 
1983, Azudin and Morrison, 1986). In Chapters 3 and 5, it was shown that milled rice is 
predominantly composed of the fatty acids C18:1n-9, C18:2n-6 and C16:0, followed by C18:0 and 
C18:3n-3, which coincides with previous reports (Resurreccion and Juliano, 1975, Azudin and 
Morrison, 1986, Yoshida et al., 2012).  
In rice grains, lipids are primarily concentrated in the rice bran (19.4–25.5%) and germ (34.1–36.5%) 
fractions rather than in the milled rice, which is around 0.8% of the endosperm fraction (Juliano, 
1983). Fujino (1978) reported that the rice bran, endosperm and endospermic starch are mainly 
composed of neutral and polar lipids, but have different quantities. Most of the lipids in rice are 
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concentrated in the outer bran layer (Fujino, 1978), and are predominantly made up of triacylglycerols 
(TAG), FFA and smaller amounts of incompletely acylated glycerols, esters and hydrocarbons 
(Glushenkova et al., 1998). Relative concentrations of the lipid species in rice bran were reported as 
follows: neutral glycerolipids in the form of TAG (84.7−86.0%), FFA (4.2−4.6%), and 
glycerophospholipids (6.5−6.7%), while other components were present in minor proportions 
(0.2−1.8%) (Mano et al., 1999, Yoshida et al., 2012). In a comparative study of partially and well-
milled rice grain lipids, Yoshida et al. (2011) observed that the most predominant lipid groups are 
glycerolipids in the form of TAGs, representing 84.7–86.0% of total lipids, followed by 
glycerophospholipids and FFA, that comprise 6.5–6.7%; and 4.2–4.6% of the total lipids measured 
in well-milled rice grain of Japanese rice varieties, respectively. Given these facts, it is important to 
note that most of these studies analysed a few varieties of rice and did not take into account the other 
traits that define those varieties (Lam et al., 2001, Lam and Proctor, 2003). The role of lipids was 
investigated in the variety Koshihikari grown in two locations, wherein the removal of lipids was 
observed to increase cooked rice firmness, and an environmental impact (origin of samples) was also 
noted to have affected the amount of lipids being synthesised by the plant (Philpot et al., 2006).  
Despite the relevant findings of lipids being specific to rice varieties, there are no genetic approaches 
that qualify these findings, and this is possibly due the scarcity of lipids in the starch-rich endosperm, 
their inherent complexity as a group (Choudhury and Juliano, 1980, Fahy et al., 2009), which makes 
them more challenging to study using the current tools for separation science. Therefore, it is 
necessary to explore novel techniques that enable in-depth study of lipids in rice. Addressing the 
difficulty in separating and identifying the different lipid species, has been a point of interest to many, 
with the development of analytical techniques, particularly in chromatography by the development 
of columns with increased sensitivity and in the domain of mass spectrometry (MS), by the 
development of tandem MS (Gao et al., 2012) and improved online databases (Fahy et al., 2009, Fahy 
et al., 2005). Recently, lipidomics has gained momentum in the field of medical and plant science 
because of the underlying roles that lipids play in combatting stress (Cutignano et al., 2016). Among 
cereals, lipidomics of the seed has been reported in wheat (Narayanan, 2015), barley (Yu et al., 2018) 
and maize (Abreu e Lima et al., 2018), but not in rice. In addition to the new techniques in mass 
spectrometry, ion mobility and tandem mass spectrometers (MS/MS) has been endorsed to enable 
scientists to conduct lipid research with precision and accuracy, revealing more of the lipidome 
(Wenk, 2010, Shevchenko and Simons, 2010).  
The overarching goal of this chapter is to provide the first set of lipidomics data in rice, in order to 
understand the role of lipids in rice overall quality. This chapter aims to profile the lipid categories 
using untargeted lipid analyses and state-of-the-art multivariate statistics. Using untargeted 
99 
lipidomics, this research chapter specifically seeks to achieve the following objectives: (1) to explore 
the genotypic effect of the lipid profile across varieties grown in different nitrogen treatments (0, 60, 
120, 180, 240 kg.ha-1); (2) to identify the categories and main classes of lipids present in milled rice 
grains in a rice mapping population; and (3) to explore the relationships between lipids and the traits 
of quality that were identified in Chapters 4 and 5. The knowledge in this chapter will be useful for 
improving rice physico-chemical and nutritional quality by means of metabolite and marker-assisted 
selection. 
6.2 Materials and Methods 
6.2.1 Plant materials 
This chapter will include three experimental sample sets: (1) four Australian rice varieties grown in 
different nitrogen treatments (0, 60, 120, 180, 240 kg.ha-1) at the Yanco Agricultural Institute, New 
South Wales, Australia; (2) a set of 25 rice varieties that have been shown to exhibit diverse textural 
quality in Chapter 4; (3) a genotyped RI population derived from the cross between PRD and TMK 
(Chapters 4-5), which was used to identify QTLs that are related to the cooked rice texture (Chapter 
4) and aroma-associated volatile compounds (Chapter 5). 
6.2.2 Measurement of protein content 
Protein content of the milled rice samples were measured using the Dumas method (Sweeney and 
Rexroad, 1987) through a LECO 928 Series Carbon/Nitrogen Analyser with Cornerstone Brand 
Software (LECO, Australia). Total protein content in 100 mg of rice flour was derived from 
multiplying the nitrogen composition to the factor 5.95 (Hegsted and Juliano, 1974). 
6.2.3 Preparation of lipid extracts 
Lipids were extracted from rice flour of four Australian rice varieties (Topaz, Langi, Sherpa and 
Reiziq), 25 rice varieties of diverse textural quality, and from 200 RILs that underwent quality 
evaluation, untargeted profiling of volatile compounds and fatty acid analyses (Chapters 4-5) using 
the method described in Chapter 5.2.4, and following the protocol by Folch et al. (1957) with minor 
modifications. Briefly, rice flour (100 mg) was mixed with 500 L of LC-MS grade cold 
chloroform/methanol (2:1, v/v) extraction buffer with 0.01% butylated hydroxytoluene to prevent 
oxidation of lipids during the extraction process. The samples were mixed, cooled on ice for 10 min 
and then remixed prior to centrifugation at 12,000 g for 5 min (instead of 13447 g for 10 min). The 
supernatant was removed and the extraction step was repeated, combining both supernatants. 
Aqueous potassium chloride (0.75%; 500 µL) was added, and the lower chloroform phase, which 
contains the purified lipid, evaporated at 40 °C for 2 h using the RVC 2-18 CD rotational vacuum 
concentrator (John Morris Scientific). Immediately prior to analysis, the rice lipid extract was diluted 
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with isopropanol/acetonitrile/200mM ammonium formate (2:1:1, 250 μL). Quality control (QC) 
samples were prepared by obtaining aliquot of each of the diluted lipid extracts (30 L) and these 
aliquots were mixed together prior to analyses.  
6.2.4 Preparation of reference standards 
Solvents and chemicals were purchased from Sigma Aldrich (Saint Louis, MO, USA). Unless 
otherwise indicated, all LC-MS instruments, columns and software were from Waters Inc. (Milford, 
MA, USA). Commercial lipids (Avanti Polar Lipids, USA) representing different lipid groups in rice 
were used as reference standards. These standards were analysed and their original mass, mass after 
additional of adducts are summarised in Appendix D-1. The chemical structure of two of these 
standards were generated using ChemDraw Professional version 15.0.0.160 (Perkin Elmer). 
Experiments were performed in triplicate.  
6.2.5 Ultra performance liquid chromatography 
Untargeted lipid profiling was done on rice lipid samples using an Acquity UPLC system Ultra 
Performance Liquid Chromatography (UPLC®C18) coupled to a Synapt® G2 HDMS™ mass 
spectrometer according to Isaac et al. (2011) with modifications in the amount of ammonium formate 
and the profile of the chromatographic gradient. Briefly, lipids were separated on a reverse-phase 
Charged Surface Hybrid (CSH™) CSH column (2.1 × 100 mm, 1.7 µm; 55 °C) and eluted at 0.4 
mL/min using the following gradient conditions: A=20 mM ammonium formate (instead of 10 mM) 
and 0.1% formic acid in 60:40 acetonitrile/water, B=20 mM ammonium formate (instead of 10 mM) 
in 90:10 isopropyl alcohol/acetonitrile; after 1 min at 30%, solvent B was brought to 45% in 1 min 
and maintained for 1 min, then to 50% in 6 min, and then to 100% in 9 min, followed by a 1 min 
100% B isocratic step and reconditioning to 30 % B. Total run time was 21 min. Injection volume 
was set to 2 µL. The MS instrument was operated in positive electrospray ionisation mode [ESI(+)], 
setting the capillary and the cone voltages at 3 kV and 35 V, respectively. The source temperature 
was 90 °C. Desolvation and cone gas flows (N2) were set to 800 and 20 L/h respectively. Desolvation 
temperature was set to 400 °C. Ion mobility parameters were set as follows: wave velocity and wave 
height were set to 600 m/s and 40 V respectively, He cell and IMS cell gas flows were set to 180 and 
90 mL/min. respectively. Each sample was acquired in triplicate, from three individual extractions. 
Twenty-one QC samples were injected prior to the actual rice samples to equilibrate the system. These 
QC samples were also injected after every 10 samples in order to keep track of the performance of 
the machine. 
6.2.6 Data analysis 
Data analysis and annotation of lipids were done using Masslynx software version 4.1 (Waters 
Corporation, USA) and Progenesis QI (Waters Corporation, USA). Peaks derived from the UPLC-
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MS/MS chromatograms were inspected using the Masslynx software (Waters Corporation, USA). 
The chromatographic peak detection was performed from 0.59 to 14.5 min. The bulk of data 
processing was carried out using Progenesis QI workflow. Sample alignment was carried out against 
a QC sample. Those samples that showed lower than 90% similarity to this QC reference data were 
not included in further analyses. Lipid features were retained based on several tags to filter out 
important compounds: 1) maximum abundance of at least 50; 2) presence of fragmentation data; 3) 
the overall identification score of the identified lipid should be at least 30%; 4) p value is not more 
than 0.001 if differentiating between groups of samples; and 5) maximum fold of at least 10 if 
differentiating between groups of samples. Each lipid molecule was assigned a category based on the 
most recent classification scheme (Fahy et al., 2009). The identification of the putative compound ID 
from the selection provided by LIPID MAPS and LipidBlast databases. Masses that were not 
identified using the LIPID MAPS database were classified as “unknown”. Lipid classes were verified 
using analytical standards (Appendix D-1). Means of triplicate measures of normalised peak areas 
were Pareto-scaled prior to multivariate statistical analysis using SIMCA 15 (MKS Umetrics, 
Sweden). For all lipid determinations in milled rice, three replicated lipid extractions were conducted 
on each sample. To determine whether grain physical traits, textural traits, protein content, aroma-
associated volatile compounds and fatty acids were a significant source of variation in the lipids 
extracted in the samples, a correlation analysis between these traits and normalised peak area of lipid 
features was conducted and logarithm of odds scores were noted. These correlation analyses and the 
generation of metabolite Manhattan plots were carried out using R version 3.4.4 (2018-03-15). Lipid 
species were named based on the LIPID MAPS Lipid Classification System 
(http://www.lipidmaps.org/) (Fahy et al., 2005, Fahy et al., 2009), which is comprised of eight lipid 
categories, each with its own sub classification system. In this study, six lipid categories were 
observed and these are the following: fatty acyls, glycerolipids, glycerophospholipids, sphingolipids, 
sterol lipids, prenol lipids. 
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6.3 Results 
6.3.1 Rice lipid chromatogram 
Figure 6.1 shows a typical total ion chromatogram (TIC) of rice lipids (pink) overlaid with the solvent 
blank (green) derived from the Progenesis QI software. Based on this figure, the biggest among the 
peaks in rice lipids eluted at about 12.31 min. After about 14 min, only very minor peaks were visible. 
Therefore, in the succeeding analyses, detected peaks from 14.5 min were excluded from further 
statistical analyses.  
6.3.2 Lipid standards annotation 
The standards for each class of lipids were run through the UPLC-MS/MS and identified both by 
using the MS/MS ions and the LIPID MAPS database using Masslynx and Progenesis software, 
respectively. This step provided assurance in the ability of the mass spectrometer and online databases 
to provide sensible putative identifications for the subsequent untargeted metabolite profiling of the 
lipids in rice. Figure 6.2 shows a representation of the TIC of two of the analytical standards used in 
the study — a glycerolipid (in red) and a glycerophospholipid (in green), which were overlaid with a 
representative chromatogram of rice lipids (in blue). Subsequent characterisation of the peaks of these 
standards showed that the glycerolipid standard is a 1,3-dioleoyl-2-palmitoylglycerol or 
TAG(18:1n9/16:0/18:1n9) or TAG(52:2) (IUPAC name: 2-(hexadecanoyloxy)propane-1,3-diyl 
(9Z,9'Z)bis-octadec-9-enoate) with a molecular mass of 859.395 g/mol (Figure 6.2b), while the 
glycerophospholipid is a 1-hexadecanoyl-2-octadecanoyl-sn-glycero-3-phosphocholine or 
PC(16:0/18:0) or PC(34:0) (Molecular formula=C42H84NO8P; IUPAC name: (2R)-3-(Palmitoyloxy)-
2-(stearoyloxy)propyl 2-(trimethylammonio)ethyl phosphate) (Figure 6.2c). These identified 
compounds eluted at retention times of 13.26 min and 8.6 min, respectively, which were used as 
Rice 
Solvent 
Figure 6.1 Representative total ion chromatogram (TIC) of rice lipids (—) overlaid with a TIC of a 
solvent blank (—) derived from Progenesis QI (Waters Corporation, USA). 
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reference points for further identifications in the rice samples. The other standards included the 
following: 18:0-16:0 DG (neutral mass=596.538), 18:0(2R-OH) ceramide (neutral mass=581.538), 
18:0-18:2 phosphoserine (neutral mass=810.030), and 16:0-18:1 phosphoethanolamine (neutral 
mass=717.531). 
  
TAG(18:1n-9/16:0/18:1n-9) PC(16:0/18:0)  
a) 
b) c) 
0.E+00
2.E+06
4.E+06
6.E+06
8.E+06
1.E+07
1.E+07
1.E+07
2.E+07
2.E+07
P
ea
k
 a
re
a
Retention time (min)
Rice sample TAG(18:1n9/16:0/18:1n9) PC(16:0/18:0)
Figure 6.2 Analytical standards used to putatively identify lipids in rice. (a) Total ion 
chromatogram (TIC) of two representative lipid standards were overlaid with a TIC of rice 
lipids; tandem mass spectrometry (MS/MS) spectrum and chemical structure of (b) glycerolipid 
TAG(18:1n-9/16:0/18:1n-9) and (c) glycerophospholipid PC(16:0/18:0). Original data and 
figures were derived from Masslynx software version 4.1 (Waters Corporation, USA). 
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6.3.3 Rice lipid profile in four Australian rice varieties 
To determine the lipid classes in milled rice and to identify whether the lipid profile is unique to a 
genotype or affected by increased amount of fertilizer application, grains from four Australian rice 
varieties grown in five nitrogen concentrations were analysed for lipids.  
After applying the multiple tags to filter the lipids from artefacts and compounds that cannot be found 
in the QC samples, a total of 131 lipid features were used for multivariate statistical analyses.  
 
b) 
a) 
Figure 6.3 (a) Scores scatter plot of four Australian rice varieties grown under five 
nitrogen treatments (0, 60, 120, 180, 240 kg.ha-1) characterised by (b) 131 putatively 
identified discriminating lipid species derived from untargeted lipidomics. 
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Principal components analyses showed that the variation in the lipid profiles of these four varieties 
can be explained by PC1 and PC2 at 70.5% and 11.9%, respectively (Figure 6.3). This data indicate 
that the lipid profile is unique to the genotype, as represented by the presence of putatively identified 
lipid species that were significantly different among the four varieties (Figure 6.3).  
The separation at PC1 was clearly defined by the difference in grain size and varietal difference in 
lipid features is evident (Figure 6.3a). Topaz and Langi are long grain varieties, whereas Sherpa and 
Reiziq are medium grain varieties. The effect of differences in the nitrogen concentration in the soil 
was not evident among the samples (Appendix D-2). By extracting the loadings data (Figure 6.3b), 
lipid features from different categories were putatively identified using online lipid databases. By 
imposing a tag on the varieties using the statistical significance described in section 6.2.6, the lipid 
species characterising the varieties were then detected. Langi was characterised by 13 metabolites, 
where nine of which were putatively identified as glycerolipids in the form of TAGs. These TAGs 
were observed to contain the M+NH4 adduct. The rest of these compounds were composed of a fatty 
acyl and three unknown features. Topaz, on the other hand was characterised by a total of 36 features, 
which is far more than that of Langi. Of these, the majority of which are glycerophospholipids and 
were putatively identified as phosphatidylcholine species with their molecular formula ranging from 
C40H76NO8P-C46H90NO8P. These phosphatidylcholine species had adducts M+H and/or M+Na, 
whereas the only phosphatidylinositol that was putatively identified has the M+NH4 adduct. The other 
discriminating metabolites for Topaz included 11 glycerolipids, which were predominantly 
monoacylglycerol (MAG) and diacylglycerol (DAG) and with adducts M+H and M+NH4. The rest 
of the metabolites that characterised Topaz included five fatty acyl lipids and two sterol lipids. In 
terms of the two medium grain varieties Reiziq and Sherpa, there was a lot more similarity in terms 
of their characterising lipids metabolites (Figure 6.3). Upon examining the loadings scatter plot 
(Figure 6.3b), it is clear that metabolites characterising these varieties are predominantly composed 
of glycerolipid (light green boxes) and sterol lipids (pink boxes). To investigate whether there are 
associations that exist between the lipid peaks and the rice genotypes with different grain quality 
attributes, the use of a bigger sample set that has variable grain size data is necessary to detect 
significantly correlations. In order to achieve this, a mapping population derived from two parents 
with varying grain physical characteristics such as grain length, grain width and chalkiness was used. 
6.3.4 Lipids profile of varieties with diverse amylose values 
Figure 6.4 illustrates a principal components analysis biplot of the lipid profile of 25 rice varieties 
and 1553 lipid features detected using untargeted lipidomics. These 25 varieties have diverse grain 
quality profile and were a subset of the varieties analysed in Chapter 4. The variation between these 
rice varieties according to their lipid profiles can be explained by the first two principal components, 
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PC1 (28.3%) and PC2 (12.2%) (Figure 6.4). Clear separation was observed between varieties with 
and without amylose, wherein varieties without amylose were characterised by increased amounts 
(peak areas) of different lipid groups. Out of these 1553 compounds, 574 were putatively classified 
as fatty acyls, 414 were glycerolipids, 204 glycerophospholipids, 19 prenol lipids, 36 sphingolipids 
and 306 sterols lipids (Figure 6.4). Even though there is no clear indication of which lipid groups best 
characterise varieties with and without amylose, there is a trend of increased lipid contents with the 
decrease and/or absence of amylose.  
 
 
 
Figure 6.4 Principal components analysis biplot of rice varieties with amylose (●) and 
without amylose (●) in the grains that are characterised by 1553 lipidomics features 
putatively grouped into six lipid categories detected using ultra-performance liquid 
chromatography-tandem mass spectrometry. 
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6.3.5 Lipids in the rice mapping population 
To identify whether the variation in lipids and the other rice grain quality traits in a large sample set, 
the RIL population derived from the cross between PRD and TMK was analysed for lipidomics.  
 
 
To reveal some preliminary variations in the population’s lipid profiles, the parental lines were 
screened ahead of the population. Figure 6.5 illustrates the TIC of lipids from (a) PRD and (b) TMK 
in the ESI(+). TICs for both varieties exhibit similar lipid profile, except that differences in peak areas 
exist in some of the detected peaks. Using the following filter tags: (1) presence of fragmentation data 
and (2) maximum abundance of at least 50, putative identifications of these compounds using online 
databases and an unreleased version of the METLIN MS/MS database (Waters Corporation), a total 
of 2359 compounds with a maximum abundance of at least 50, were detected in the rice population, 
and of which 754 were putatively identified and classified into categories while the rest were 
categorised as unknowns.  
a) 
PRD 
TMK 
b) 
Figure 6.5 Total ion chromatograms of PRD and TMK in the positive ionisation mode. 
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Figure 6.6 is a principal components analyses of 2359 lipid features (Figure 6.6b) that were detected 
in 140 RIL (Figure 6.6a) and with the QC samples clustered close to the origin of the PCA plane. 
Based on this, there are two distinct groups of RILs that were characterised by differences in peak 
areas of lipid features. Six lipid categories were noted and their relative percentage peak area 
abundance are summarised in Table 6.1. 
  
a) 
b) 
Figure 6.6 Principal components analysis showing (a) a scores scatter plot with 
140 rice lines (●), quality control (QC) samples (●) characterised by (b) 2359 
lipidomics features putatively characterised into lipid categories. 
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Table 6.1 Composition of lipid groups relative to the peak area of all identified compound categories 
in the rice mapping population. 
Lipid Category Percentage area 
Fatty acyls 3.106 
Glycerolipids 70.211 
Glycerophospholipids 20.884 
Prenol lipids 0.112 
Sphingolipids 2.391 
Sterol lipids 3.295 
 
Glycerolipids were the most abundant lipid categories in the rice samples, comprising about 70% of 
the total peak area across 140 rice lines (Table 6.1). The compounds include TAG, DAG and MAG. 
The largest among all peaks detected eluted at approximately 12.31 min. Most of the TAGs eluted 
between 10.8-13.8 min, which was close to the retention time of the analytical standard. The DAGs, 
on the other hand, eluted at approximately 9-10 min. These lipid features categorised as glycerolipids 
had M+NH4 as their main adduct. Comprising approximately 20% of the putatively identified 
features, the glycerophospholipids were the second most abundant lipid category in the rice 
population. Based on online database query, these glycerophospholipids are in the form of 
glycerophosphatidylcholine, glycerophosphatidylethanolamine, glycerophosphatidylserine and 
phosphatidic acid. The other lipid category in the population included the fatty acyls, sterol lipids, 
sphingolipids and prenol lipids (Figure 6.3b). A wide range of fatty acyl compounds, including 
include FFA, fatty amides and fatty alcohols were detected and putatively identified in the rice 
population. The third most abundant lipid category in the rice samples were sterols (Table 6.1). 
Sphingolipids comprised about 2.4% of the total peak areas across the population, whereas prenol 
lipids were among the least abundant lipid categories in the rice samples, forming less than one 
percent of the features that were putatively identified. Representative species for these six lipid 
categories are presented in Appendix D-3. 
6.3.5.1 Correlations between lipids and rice physical traits 
Correlations between grain physical properties and lipids are shown in Figure 6.7. Of the three 
physical traits measured, chalkiness and grain length exhibited relatively high LOD scores (LOD≥4). 
A total of seven features (three putatively identified, four unknowns) were significantly correlated 
with grain chalkiness (Table 6.2). The most significantly correlated of these lipid features is a 
putatively identified glycerophospholipid (RT=10.21 min; LOD=5.311; mass=664.6625 m/z; 
molecular formula=C43H85NO3; M+H adducts) (Table 6.2). LIPID MAPS database search result 
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provided six most likely candidate identifications for this feature: 1) PC(O-16:0/12:0) (LIPID MAPS 
ID: LMGP01020176); 2) PE(16:0/14:0) (LIPID MAPS ID: LMGP02010297); 3) PE(14:0/16:0) 
(LIPID MAPS ID: LMGP02010302); 4) PE-NMe2(14:0/14:0) (LIPID MAPS ID: LMGP02010316); 
5) PE(18:0/12:0) (LIPID MAPS ID: LMGP02011207); 6) PE(12:0/18:0) (LIPID MAPS ID: 
LMGP02011261).  
 
Grain dimension traits grain length and grain width were correlated with 13 and 14 lipid features 
(LOD≥4), respectively (Table 6.2). Of these, 10 for grain length and nine for grain width were 
unknowns. The feature that most significantly correlated with grain length was putatively identified 
as a glycerolipid in the form of DAGs (RT=8.24 min; LOD=4.746; mass=564.4796n; molecular 
formula=C35H64O5; M+NH4, M+Na, M+K adducts). LIPID MAPS database search result provided 
three plausible candidates that can be further verified: 1) DG(16:1(9Z)/16:1(9Z)/0:0) (LIPID MAPS 
ID: LMGL02010011); 2) DG(14:0/18:2(9Z,12Z)/0:0)[iso2] (LIPID MAPS ID: LMGL02010385); 
and 3) DG(14:1(9Z)/18:1(9Z)/0:0)[iso2] (LIPID MAPS ID: LMGL02010408). For grain width, the 
three most significant features were unknowns and fourth and fifth features were putatively identified 
as a glycerophospholipid (RT=6.36 min; LOD=4.753; mass=756.5569 m/z; molecular 
formula=C42H78NO8P; M+H adduct) and sphingolipid species (RT=8.82 min; LOD=4.753; 
mass=797.6400n; molecular formula=C46H87NO9; M+H, M+Na adducts). The glycerolipid feature 
was most likely PC(16:0/18:3(6Z,9Z,12Z)), whereas the sphingolipid feature is most likely 
GlcCer(d18:2(4E,8Z)/22:0(2OH[R])) (LIPID MAPS ID: LMSP05010055). 
L
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Mass 
Figure 6.7 Manhattan plots showing the correlations between lipidomics features and grain physical 
traits. Mass indicated either as mass-to-charge ratio or neutral mass. 
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Table 6.2 Lipidomics features with LOD≥4 for physical traits. 
R LOD Mass RT Category Formula Adducts 
Chalkiness 
0.38 5.31 664.6625m/z 10.21 Glycerophospholipids C35H70NO8P M+H 
0.36 4.99 681.6670n 10.21 Unknown   M+H, M+Na 
-0.34 4.44 1002.9448m/z 13.72 Glycerolipids C64H120O6 M+NH4 
-0.33 4.21 654.6054m/z 8.97 Unknown     
0.33 4.16 836.6552n 9.78 Unknown   M+NH4, M+Na 
0.33 4.06 324.2903m/z 8.41 Fatty acyls C20H37NO2 M+H 
0.33 4.04 824.6557n 9.78 Unknown   M+NH4, M+Na 
Grain width 
0.40 6.11 653.6144n 10.17 Unknown   M+H, M+Na 
0.38 5.09 625.5810n 9.65 Unknown   M+H, M+Na 
-0.36 4.91 780.6389m/z 8.82 Unknown     
-0.35 4.75 756.5569m/z 6.36 Glycerophospholipids C42H78NO8P M+H 
-0.35 4.75 797.6400n 8.82 Sphingolipids C46H87NO9 M+H, M+Na 
0.35 4.55 371.1831m/z 0.70 Unknown     
0.34 4.47 393.3518m/z 7.99 Fatty acyls C29H44 M+H 
0.34 4.41 340.2254n 0.66 Unknown   
M+H-2H2O, 
M+K 
0.34 4.38 287.2006m/z 0.71 Fatty acyls C19H26O2 M+H 
-0.33 4.18 838.5738m/z 7.60 Glycerophospholipids C45H86NO8P M+K 
-0.33 4.17 784.7269m/z 7.87 Unknown     
-0.33 4.17 618.5844m/z 8.82 Unknown     
0.33 4.08 304.2044n 0.87 Sterol lipids C19H28O3 M+H, M+Na 
-0.33 4.07 585.4132m/z 4.61 Unknown     
Grain length 
0.35 4.75 564.4796n 8.24 Glycerolipids C35H64O5 
M+NH4, M+Na, 
M+K 
0.34 4.49 920.8670m/z 12.78 Unknown     
0.34 4.36 313.2780m/z 8.72 Unknown     
-0.34 4.33 423.3981m/z 10.36 Unknown     
0.34 4.32 1154.8459n 10.19 Unknown   M+NH4, M+Na 
-0.34 4.31 395.3674m/z 4.24 Unknown     
0.33 4.26 1002.7685m/z 9.97 Unknown     
0.33 4.16 768.5403n 7.45 Unknown   M+NH4, M+Na 
0.33 4.11 787.5794m/z 7.46 Unknown     
0.33 4.10 688.4930m/z 6.54 Glycerophospholipids C37H70NO8P M+H 
-0.33 4.08 654.6054m/z 8.97 Unknown     
0.33 4.07 829.7280m/z 12.8 Glycerolipids C53H96O6 M+H 
0.32 4.01 940.6157n 6.70 Unknown   M+NH4, M+Na 
 
 
6.3.5.2 Correlations between lipids and rice textural traits 
Lipidomics features that have been cleanly separated using the UPLC-MS/MS and uniformly 
integrated and putatively identified across the 25 rice varieties and the mapping population where 
correlated with the physical and textural traits measured. Figure 6.8 shows Manhattan plots of the 
correlations between lipidomics features and textural traits. Several clear strong statistical 
correlations (LOD≥10) were observed for AAC, GT, peak viscosity (PV), trough viscosity (TV), 
breakdown (BD) and setback (SB). Correlations for gel consistency (GelCon), final viscosity (FV) 
and hot-paste consistency (HPC) were not as pronounced (Figure 6.8).  
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Forty-four features were highly negatively correlated with AAC (Table 6.3). Of these, seven were 
identified to be highly negatively features (LOD=16.0) (Figure 6.7; Table 6.3). Among these seven 
features included two putatively identified features and five were unknowns. The two putatively 
identified features were a glycerophospholipid (mass=739.5163n; RT=4.99 min; M+H, M+Na 
adducts; molecular formula of C41H74NO8P) and a sphingolipid (RT=7.24 min, mass=580.5330 m/z, 
M+H adduct; molecular formula=C36H69NO).  
  
Mass 
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Figure 6.8 Manhattan plots showing the correlations between lipidomics features and grain 
textural traits. Mass indicated either as mass-to-charge ratio or neutral mass. 
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Table 6.3 Lipid features with LOD≥10 in textural traits. 
R LOD RT Mass Category Formula Adducts 
AAC 
-0.71 16.00 7.04 582.4881m/z Unknown     
-0.71 16.00 4.99 306.2802m/z Unknown     
-0.70 16.00 4.99 739.5163n Glycerophospholipids C41H74NO8P M+H, M+Na 
-0.69 16.00 7.02 262.2300n Unknown   M+NH4, 2M+NH4 
-0.68 16.00 7.02 261.2463n Unknown   M+H, 2M+Na 
-0.63 16.00 7.24 580.5330m/z Sphingolipids C36H69NO4 M+H 
-0.63 16.00 5.82 306.2806m/z Unknown     
-0.61 14.81 5.82 715.5174n Glycerophospholipids C39H74NO8P M+H, M+Na 
-0.59 13.89 5.63 313.2747m/z Unknown     
-0.58 13.49 2.45 325.3601m/z Unknown     
-0.58 13.30 8.10 564.5378m/z Sphingolipids C36H69NO3 M+H 
-0.58 13.20 7.02 559.4980n Unknown   M+H-2H2O, M+H 
-0.58 13.12 7.94 535.4978n Sphingolipids C34H65NO3 M+H, M+Na 
-0.58 13.10 8.96 306.2801m/z Unknown     
-0.58 13.10 10.33 542.4957m/z Fatty acyls C36H60O2 M+NH4 
-0.58 13.10 10.09 804.7268m/z Unknown     
-0.58 12.98 8.02 561.5145n Unknown   M+H-2H2O, M+Na 
-0.57 12.87 10.09 844.7189m/z Unknown     
-0.57 12.86 10.09 822.7357m/z Sterol lipids C27H46O2 2M+NH4 
-0.57 12.80 8.09 585.5142n Unknown   M+H, M+Na, M+K 
-0.57 12.46 8.09 306.2805m/z Unknown     
-0.56 12.31 2.45 438.1374n Unknown   M+H, M+Na 
-0.56 12.10 10.09 909.8409m/z Unknown     
-0.56 12.03 2.45 323.1880m/z Unknown     
-0.55 11.89 2.45 299.2148n Unknown   M+Na, 2M+H 
-0.55 11.75 8.09 324.2904m/z Fatty acyls C20H37NO2 M+H 
-0.55 11.72 1.31 321.2665n Unknown   M+H, M+Na 
-0.55 11.52 7.94 518.4965m/z Unknown     
-0.54 11.44 2.45 929.6566m/z Unknown     
-0.54 11.41 7.94 500.4848m/z Unknown     
-0.54 11.39 10.45 797.7265n Unknown   M+H, M+Na 
0.54 11.36 12.80 958.8792m/z Unknown     
-0.54 11.30 2.45 917.6249m/z Unknown     
-0.54 11.24 1.59 306.2585n Fatty acyls C20H34O2 M+H, M+NH4 
-0.54 11.04 8.02 544.5125m/z Fatty acyls C36H65NO2 M+H 
-0.54 11.02 2.45 991.6273m/z Unknown     
-0.54 11.01 2.45 302.2264n Unknown   
M+H, M+Na, M+K, 
2M+Na, 2M+K 
-0.53 10.95 2.45 583.4576m/z Glycerophospholipids C33H67N2O6P M+H-2H2O 
-0.53 10.93 10.40 818.7615m/z Unknown     
-0.53 10.65 10.68 542.4945m/z Sphingolipids C36H60O2 M+NH4 
-0.52 10.36 1.92 317.1797m/z Fatty acyls C13H24N4O5 M+H 
-0.52 10.34 10.45 780.7259m/z Unknown     
-0.52 10.25 8.02 280.2641m/z Fatty acyls C18H33NO M+H 
-0.51 10.04 2.45 319.3419m/z Unknown     
GT 
0.56 12.09 1.59 345.2661n Fatty acyls C22H35NO2 M+H, M+NH4 
0.55 11.65 1.59 306.2585n Unknown C20H34O2 M+H, M+NH4 
0.52 10.32 8.09 324.2904m/z Fatty acyls C20H37NO2 M+H 
0.52 10.12 8.09 306.2805m/z Unknown     
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Table 6.3. Continued.. 
 
R LOD RT Mass Category Formula Adducts 
PV 
0.63 16.00 7.02 262.2300n Unknown   
M+NH4, 
2M+NH4 
0.63 16.00 7.04 582.4881m/z Unknown     
0.61 15.05 4.99 306.2802m/z Unknown     
0.61 14.65 7.02 261.2463n Unknown   M+H, 2M+Na 
0.58 13.34 4.99 739.5163n Unknown   M+H, M+Na 
0.58 13.28 7.24 580.5330m/z Sphingolipids C36H69NO4 M+H 
0.55 11.59 2.45 325.3601m/z Unknown     
0.55 11.55 5.82 306.2806m/z Unknown     
0.55 11.53 2.45 991.6273m/z Unknown     
-0.54 11.21 2.36 538.3935m/z Unknown     
-0.54 11.04 12.80 958.8792m/z Unknown     
0.53 10.93 10.33 542.4957m/z Fatty acyls C36H60O2 M+NH4 
0.53 10.93 10.09 804.7268m/z Unknown     
0.53 10.91 10.09 822.7357m/z Sterol lipids C27H46O2 2M+NH4 
0.53 10.83 8.02 561.5145n Unknown   
M+H-2H2O, 
M+Na 
0.53 10.74 2.45 302.2264n Unknown   
M+H, M+Na, 
M+K, 2M+Na, 
2M+K 
0.53 10.67 2.45 299.2148n Unknown   M+Na, 2M+H 
0.53 10.61 7.94 535.4978n Sphingolipids C34H65NO3 M+H, M+Na 
-0.52 10.53 2.36 429.3220m/z Fatty acyls C24H44O6 M+H 
0.52 10.42 2.45 583.4576m/z Glycerophospholipids C33H67N2O6P M+H-2H2O 
0.52 10.38 2.45 438.1374n Unknown   M+H, M+Na 
0.52 10.35 2.45 917.6249m/z Unknown     
0.52 10.31 2.45 323.1880m/z Unknown     
0.52 10.20 10.09 844.7189m/z Unknown     
0.51 10.04 7.94 518.4965m/z Unknown     
0.51 10.02 2.45 929.6566m/z Unknown     
TV 
0.64 16.00 7.04 582.4881m/z Unknown     
0.63 16.00 7.02 262.2300n Unknown   
M+NH4, 
2M+NH4 
0.61 15.05 7.02 261.2463n Unknown   M+H, 2M+Na 
0.61 14.70 7.24 580.5330m/z Sphingolipids C36H69NO4 M+H 
0.60 14.35 4.99 306.2802m/z Unknown     
0.57 12.68 4.99 739.5163n Unknown   M+H, M+Na 
0.54 11.26 2.45 325.3601m/z Unknown     
0.54 11.25 2.45 991.6273m/z Unknown     
0.54 11.02 10.09 804.7268m/z Unknown     
0.53 10.97 7.94 535.4978n Sphingolipids C34H65NO3 M+H, M+Na 
0.53 10.97 10.09 822.7357m/z Sterol lipids C27H46O2 2M+NH4 
0.53 10.95 5.82 306.2806m/z Unknown     
0.53 10.91 8.02 561.5145n Unknown   
M+H-2H2O, 
M+Na 
0.53 10.90 10.33 542.4957m/z Fatty acyls C36H60O2 M+NH4 
0.53 10.63 2.45 302.2264n Unknown   
M+H, M+Na, 
M+K, 2M+Na, 
2M+K 
0.53 10.58 2.45 438.1374n Unknown   M+H, M+Na 
0.52 10.52 2.45 299.2148n Unknown   M+Na, 2M+H 
-0.52 10.51 12.80 958.8792m/z Unknown     
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R LOD RT Mass Category Formula Adducts 
TV 
-0.52 10.48 2.36 538.3935m/z Unknown     
0.52 10.31 2.45 929.6566m/z Unknown     
0.52 10.3 7.94 518.4965m/z Unknown     
0.52 10.29 10.09 844.7189m/z Unknown     
0.52 10.25 2.45 583.4576m/z Glycerophospholipids C33H67N2O6P M+H-2H2O 
0.52 10.22 2.45 917.6249m/z Unknown     
0.52 10.21 8.10 564.5378m/z Sphingolipids C36H69NO3 M+H 
BD 
0.64 16.00 7.04 582.4881m/z Unknown     
0.63 16.00 7.02 262.2300n Unknown   M+NH4, 2M+NH4 
0.61 15.05 7.02 261.2463n Unknown   M+H, 2M+Na 
0.61 14.70 7.24 580.5330m/z Sphingolipids C36H69NO4 M+H 
0.60 14.35 4.99 306.2802m/z Unknown     
0.57 12.68 4.99 739.5163n Unknown   M+H, M+Na 
0.54 11.26 2.45 325.3601m/z Unknown     
0.54 11.25 2.45 991.6273m/z Unknown     
0.54 11.02 10.09 804.7268m/z Unknown     
0.53 10.97 7.94 535.4978n Sphingolipids C34H65NO3 M+H, M+Na 
0.53 10.97 10.09 822.7357m/z Sterol lipids C27H46O2 2M+NH4 
0.53 10.95 5.82 306.2806m/z Unknown     
0.53 10.91 8.02 561.5145n Unknown   M+H-2H2O, M+Na 
0.53 10.90 10.33 542.4957m/z Fatty acyls C36H60O2 M+NH4 
0.53 10.63 2.45 302.2264n Unknown   
M+H, M+Na, M+K, 
2M+Na, 2M+K 
0.53 10.58 2.45 438.1374n Unknown   M+H, M+Na 
0.52 10.52 2.45 299.2148n Unknown   M+Na, 2M+H 
-0.52 10.51 12.8 958.8792m/z Unknown     
-0.52 10.48 2.36 538.3935m/z Unknown     
0.52 10.31 2.45 929.6566m/z Unknown     
0.52 10.30 7.94 518.4965m/z Unknown     
0.52 10.29 10.09 844.7189m/z Unknown     
0.52 10.26 2.45 583.4576m/z Glycerophospholipids C33H67N2O6P M+H-2H2O 
0.52 10.22 2.45 917.6249m/z Unknown     
0.52 10.21 8.10 564.5378m/z Sphingolipids C36H69NO3 M+H 
SB 
-0.64 16.00 7.02 262.2300n Unknown   M+NH4, 2M+NH4 
-0.65 16.00 7.04 582.4881m/z Unknown     
-0.63 16.00 7.02 261.2463n Unknown   M+H, 2M+Na 
-0.60 14.03 4.99 306.2802m/z Unknown     
-0.58 13.31 7.24 580.5330m/z Sphingolipids C36H69NO4 M+H 
-0.58 12.95 4.99 739.5163n Unknown   M+H, M+Na 
-0.56 12.01 10.09 822.7357m/z Sterol lipids C27H46O2 2M+NH4 
-0.55 11.79 10.09 804.7268m/z Unknown     
-0.55 11.52 10.33 542.4957m/z Fatty acyls C36H60O2 M+NH4 
-0.54 11.09 10.09 844.7189m/z Unknown     
-0.52 10.42 7.02 559.4980n Unknown   M+H-2H2O, M+H 
0.52 10.35 12.8 958.8792m/z Unknown     
-0.52 10.30 8.02 561.5145n Unknown   M+H-2H2O, M+Na 
-0.52 10.26 5.82 306.2806m/z Unknown     
-0.52 10.25 7.94 535.4978n Sphingolipids C34H65NO3 M+H, M+Na 
-0.52 10.22 10.09 909.8409m/z Unknown     
-0.52 10.14 2.45 325.3601m/z Unknown     
0.51 10.02 2.36 538.3935m/z Unknown     
 
  
116 
By deducing the most likely candidate out of the four sphingolipid species and 25 
glycerophospholipid species provided by the LIPID MAPS database, 
Cer(d18:2(4E,8Z)/18:0(2OH[R])) (LIPID MAPS ID: LMSP02010098), is the most plausible 
sphingolipid candidate because it contains fatty acid side chains (C18:0 and C18:2n-6) that were 
found in the samples (Chapters 3 and 5), whereas three glycerophospholipid species were the most 
plausible candidates. These three species include PE(18:2(9Z,12Z)/18:2(9Z,12Z)) (LIPID MAPS ID: 
LMGP02010111), PE(18:3(9Z,12Z,15Z)/18:1(9Z)), (LIPID MAPS ID: LMGP02011190), 
PE(18:1(9Z)/18:3(9Z,12Z,15Z)), (LIPID MAPS ID: LMGP02011197). 
Four features were strongly correlated with GT (LOD≥10) (Table 6.3). Of these, three were putatively 
identified as fatty acyl species and the last one is an unknown. The first two of these features eluted 
at 1.59 min and have the same adducts (M+H, M+NH4); however, they have different masses and 
therefore different putative identifications. Based on the LIPID MAPS database information, the first 
feature is anandamide (20:5, n-3) (LIPID MAPS ID: LMFA08040008). The second feature was 
putatively identified as 5(Z),11(Z),14(Z)-eicosatrienoic acid, however, this is unexpected since this 
FFA was not identified in the FAME analyses conducted in Chapter 5. Therefore, the identity of this 
compound remains unknown. The third feature was putatively identified as anandamide (18:2, n-6), 
whereas the fourth one is an unknown. These putative identifications are unexpected since this FFA 
acid was not identified in the FAME analyses of the rice lines carried out in the previous Chapters (3 
and 5). 
Twenty-six features were strongly correlated with PV (LOD≥10) and of these, five were putatively 
identified features and the rest were unknowns. These five features include two sphingolipid, one GP, 
one sterol lipid and two fatty acyl features (Table 6.3). One of the sphingolipid features, which had a 
mass equal to 580.5330 m/z, RT=7.24 min, a M+H adduct and a molecular formula of C36H69NO4, 
was the most significantly correlated feature for AAC. In terms of TV, twenty-five features showed 
strong correlations. Of these, six were putatively identified using available databases. The most 
significantly correlated features for TV were three unknown features with masses 582.4881 m/z, 
262.2300n and 261.2463n. Although the second and third features had adducts available, their 
identities were not easily deduced using the database information. Of the six putatively identified 
features, three were sphingolipid species, and the other three were a fatty acyl, a glycerophospholipid 
and a sterol lipid species. One of the sphingolipid species (LOD=14.7) is most likely 
Cer(d18:2(4E,8Z)/18:0(2OH[R])) (LIPID MAPS ID: LMSP02010098) and was the same feature that 
strongly correlated with AAC and PV.  
There were 24 features that showed strong correlations with BD and of these, six were putatively 
identified (Table 6.3). Two of these putatively identified features were sphingolipid species with 
117 
masses 580.5330 m/z and 535.4978n, respectively. The first feature was most likely 
Cer(d18:2(4E,8Z)/18:0(2OH[R])) (LIPID MAPS ID: LMSP02010098), and was the same feature that 
strongly correlated with AAC, PV and BD, whereas the second was most likely Cer(d18:2/16:0) 
(LIPID MAPS ID: LMSP02010024). These two sphingolipid species were among the seventeen 
features that were strongly correlated with SB and among the four features that had putative 
identifications. A sterol lipid with mass of 822.7357 m/z and RT=10.09 min and a fatty acyl with 
mass 542.4957 m/z and RT=10.33 min were also putatively identified while the other 13 features 
were unknown. 
6.3.5.3 Correlations of lipids with % fatty acids 
Significant correlations were identified between lipid features and the major fatty acid in milled rice 
(Figure 6.9; Table 6.3). Eleven features were strongly correlated with C16:0 and of these, three were 
putatively identified as GL species and one was a sphingolipid species. All three GL species eluted 
at RT=9.07 min. These three GL species most likely have the following identities: 1) 
DG(16:0/16:0/0:0), (LOD=16.0, mass=568.5100n, M+Na, M+K adducts); 2) DG(P-14:0/18:1(9Z)) 
(LOD=16.0, mass=551.5066 m/z, M+H adducts); and 3) DG(16:1(9Z)/18:1(9Z)/0:0)[iso2] or 
DG(16:0/18:2(9Z,12Z)/0:0)[iso2] (LOD=14.75, 1186.0205 m/z, 2M+H adducts). The putatively 
identified sphingolipid species strongly positively correlated with C16:0 % composition (R=0.517; 
LOD=10.204) and eluted at 7.94 min. It has a neutral mass of 535.4978 and M+H, M+Na as adducts. 
This sphingolipid species is most likely Cer(d16:2(4E,6E)/18:0) (LIPID MAPS ID: LMSP02010024). 
One unknown feature was strongly correlated with C18:0 % composition and this feature eluted at 
RT=8.09 min (mass=342.3097 m/z). In terms of C18:1n-9, the highest LOD correlation scores were 
with eight features that all eluted at 2.45 min. One of these features was putatively identified as a 
sphingolipid species (mass=583.4576 m/z; M+H-2H2O adducts). LipidBlast database search result 
showed that this feature is most likely SM(d16:1/12:0) with molecular formula C33H67N2O6P. 
Although there was no feature that reached a LOD=10 for C18:2n-6, it is important to note that the 
features that this fatty acid was highly correlated with were among the strong features for C18:1n-9 
and that all of these shortlisted features eluted at RT=2.45 min (Table 6.4). In terms of C18:3n-3, 
there were six features that showed high correlations (LOD≥10) and five of which eluted between 
11.04-11.07 min. Since all of these six features were unknowns (Table 6.4), the next high correlated 
feature was included in the list to identify a category that strongly links to C18:3n-3 composition. 
This added feature was putatively identified as DG(P-14:0/18:1(9Z)) (LIPID MAPS ID: 
LMGL02040001). This feature had a LOD score of 7.2, mass=551.5066 m/z and M+ H adducts.  
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6.3.6 Correlations between lipids and protein content 
Protein Content was identified to be significantly correlated with 10 lipid features (LOD≥10) (Figure 
6.9; Table 6.4). Five of these features were glycerophospholipids and five were unknown. The most 
significant of the GP features had mass-to-charge ratio equal to 636.4992 m/z, M+H adduct and 
RT=6.9 min. By looking at the database hits using the information for this feature, four species 
appeared to be plausible candidates. These four species are the following: 1) PE(18:0/10:0) (LIPID 
MAPS ID: LMGP02010021), 2) PE(16:0/12:0) (LIPID MAPS ID: LMGP02010308), 3) 
PE(14:0/14:0) (LIPID MAPS ID: LMGP02010352), and 4) PE(12:0/16:0) (LIPID MAPS ID: 
LMGP02011262). All of these species contain fatty acid side-chains that are found in rice.  
6.3.7 Correlations between lipids and volatile compounds 
Figures 6.10-6.12 illustrate the statistical relationships between 2359 lipid features and volatile 
compounds that were identified to associate with QTLs in the mapping population.  
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Figure 6.9. Manhattan plots showing the correlations between fatty acid percentage composition, 
protein content and the lipidomics features in the rice mapping population. Mass indicated either 
as mass-to-charge ratio or neutral mass. 
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Table 6.4 Lipidomics features with LOD≥10 in percentage composition fatty acids and protein 
content. 
R LOD RT Mass Category Formula Adducts 
C16:0 
0.661 16.000 9.07 568.5100n Glycerolipids C35H68O5 M+Na, M+K 
0.689 16.000 9.07 551.5066m/z Glycerolipids C35H66O4 M+H 
0.607 14.750 9.07 1186.0205m/z Glycerolipids C37H68O5 2M+H 
0.555 11.929 8.58 540.4791n Unknown   M+Na, M+K 
0.546 11.516 7.46 787.5794m/z Unknown     
-0.541 11.305 12.36 956.8675m/z Unknown     
0.530 10.767 8.70 575.5097m/z Unknown     
-0.529 10.726 12.78 944.8669m/z Unknown     
0.524 10.518 8.58 523.4752m/z Unknown     
-0.518 10.245 2.07 550.3892m/z Unknown     
0.517 10.204 7.94 535.4978n Sphingolipids C34H65NO3 M+H, M+Na 
C18:0 
0.562 12.298 8.09 342.3097m/z Unknown     
C18:1n-9 
-0.513 10.045 2.45 917.6249m/z Unknown     
-0.512 10.006 2.45 299.2148n Unknown   M+Na, 2M+H 
-0.504 9.663 2.45 718.4029n Unknown   M+H-2H2O, M+K 
-0.486 8.930 2.45 583.4576m/z Sphingolipids C33H67N2O6P M+H-2H2O 
-0.483 8.839 2.45 900.6379n Unknown   M+H, M+Na 
-0.480 8.694 2.45 325.3601m/z Unknown     
-0.475 8.531 2.45 302.2264n Unknown   
M+H, M+Na, M+K, 
2M+Na, 2M+K 
-0.471 8.372 2.45 438.1374n Unknown   M+H, M+Na 
C18:2n-6 
0.445 7.453 2.45 917.6249m/z Unknown     
0.439 7.225 2.45 718.4029n Unknown   M+H-2H2O, M+K 
C18:3n-3 
0.543 11.361 10.63 874.7143n Unknown   M+Na, M+K 
0.478 8.634 11.07 850.7098n Unknown   
M+NH4, M+Na, 
M+K 
0.466 8.191 11.04 978.8518m/z Unknown     
0.458 7.905 11.04 876.9729n Unknown   M+NH4, M+Na 
0.455 7.798 11.05 963.7917n Unknown   M+H-2H2O, M+H 
0.442 7.326 11.04 597.4912m/z Unknown     
-0.438 7.210 9.07 551.5066m/z Glycerolipids C35H66O4 M+H 
Protein Content 
0.633 16.000 6.90 636.4992m/z Glycerophospholipids C34H70NO7P M+H 
0.596 13.921 2.07 550.3892m/z Unknown     
0.550 11.543 5.33 608.4679m/z Glycerophospholipids C32H66NO7P M+H 
0.547 11.433 2.02 524.5627m/z Unknown     
-0.547 11.421 10.19 1154.8459n Unknown   M+NH4, M+Na 
0.545 11.331 2.90 552.4041m/z Glycerophospholipids C28H58NO7P M+H 
0.540 11.068 5.56 566.4203m/z Glycerophospholipids C29H60NO7P M+H 
0.526 10.447 4.15 756.5558m/z Glycerophospholipids C42H78NO8P M+H 
0.523 10.350 2.02 524.6675m/z Unknown     
 
Aldehydes. Among the 13 aldehydes that were identified to be associated with SNPs (Chapter 5), 
pentanal, hexanal, 2E-octenal, 2E-nonenal showed strong positive significant correlations with lipid 
features (LOD≥10) (Figure 6.10; Table 6.5). Low-molecular weight lipid features that eluted early 
into the chromatographic run were the most statistically correlated with pentanal and hexanal.  
120 
 
L
O
D
 
Mass 
Figure 6.10 Manhattan plots showing the correlations between QTL-associated aldehydes and the lipidomics features in the rice mapping 
population. Mass indicated either as mass-to-charge ratio or neutral mass. 
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Table 6.5 Lipidomics features with LOD≥10 in QTL-associated aldehydes in rice. 
R LOD RT Mass Category Formula Adducts 
Pentanal 
0.77 16.00 0.94 293.2115m/z Unknown     
0.67 16.00 0.89 335.2204m/z Fatty acyls C20H30O4 M+H 
0.66 16.00 0.92 295.2272m/z Fatty acyls C18H30O3 M+H 
0.65 16.00 0.87 277.2168m/z Fatty acyls C18H28O2 M+H 
0.58 12.47 8.10 564.5378m/z Sphingolipids C36H69NO3 M+H 
0.55 11.46 8.46 566.5539m/z Sphingolipids C36H71NO3 M+H 
0.55 11.22 2.56 864.4132m/z Unknown     
0.55 11.20 2.56 832.3350n Unknown   M+H, M+NH4 
0.54 10.87 0.80 275.2007m/z Fatty acyls C18H26O2 M+H 
Hexanal 
0.80 16.00 0.94 293.2115m/z Unknown     
0.72 16.00 0.87 277.2168m/z Fatty acyls C18H28O2 M+H 
0.72 16.00 0.89 335.2204m/z Fatty acyls C20H30O4 M+H 
0.72 16.00 0.92 295.2272m/z Fatty acyls C18H30O3 M+H 
0.64 16.00 1.14 277.2171m/z Fatty acyls C18H28O2 M+H 
0.61 14.51 0.80 275.2007m/z Fatty acyls C18H26O2 M+H 
0.61 14.45 8.10 564.5378m/z Sphingolipids C36H69NO3 M+H 
0.61 14.02 1.14 294.2196n Fatty acyls C18H30O3 
M+H-2H2O, M+H, 
M+Na 
Heptanal 
0.48 8.47 2.56 864.4132m/z Unknown     
0.48 8.28 2.56 832.3350n Unknown   M+H, M+NH4 
0.47 8.03 0.94 293.2115m/z Unknown     
0.46 7.59 2.56 808.3459m/z Unknown     
Octanal 
0.46 7.48 2.56 864.4132m/z Unknown     
0.45 7.16 2.56 832.3350n Unknown   M+H, M+NH4 
0.42 6.33 0.94 293.2115m/z Unknown     
0.42 6.32 2.56 808.3459m/z Unknown     
0.42 6.31 2.56 878.4279m/z Unknown     
Nonanal 
0.45 7.40 5.92 1088.4757n Unknown   M+NH4, M+Na 
-0.44 7.11 12.90 676.6191n Unknown   M+NH4, M+Na, M+K 
-0.44 7.01 5.70 956.6331m/z Glycerolipids C51H86O15 M+NH4 
2E-Octenal 
0.68 16.00 0.94 293.2115m/z Unknown     
0.62 15.05 0.92 295.2272m/z Fatty acyls C18H30O3 M+H 
0.61 14.03 0.89 335.2204m/z Fatty acyls C20H30O4 M+H 
0.59 13.26 0.87 277.2168m/z Fatty acyls C18H28O2 M+H 
0.56 11.61 8.10 564.5378m/z Sphingolipids C36H69NO3 M+H 
2E-Nonenal 
0.59 13.03 7.16 744.5556m/z Glycerophospholipids C41H75O8P M+NH4 
0.53 10.48 5.63 599.5063m/z Unknown     
0.53 10.33 6.73 601.5222m/z Unknown     
0.53 10.24 7.82 577.5231m/z Unknown     
0.53 10.20 7.87 784.9420m/z Unknown     
0.52 9.97 7.82 577.7204m/z Unknown     
0.52 9.90 7.82 836.5446n Glycerophospholipids C43H81O13P M+H, M+Na 
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Based on the formula and masses annotated for these features, these features are fatty acyls although 
their actual species identity cannot be resolved. Heptanal, octanal and nonanal, on the other hand 
were also positively correlated with lipid features, although these relationships LOD≤10 (Figure 6.10; 
Table 6.5).  
Alcohols. The relationship between alcohols and lipid features are summarised in Figure 6.11 and the 
most significant of these relationships are tabulated in Table 6.6. Strong correlations between lipid 
features of less than 600 m/z were identified for 1-pentanol and 1-hexanol, whereas 1-heptanol, 1-
octanol and 2E-octen-1-ol showed their strongest correlations with lipid features with greater than 
700 m/z. However, all of these highly correlated features eluted early in the first half of the 
chromatographic run (RT=0.8-8.1 min) (Table 6.6). Based on lipid database information, the majority 
of the putatively identified lipid categories that strongly associate with alcohols are fatty acyls. 
Unfortunately, there were more unknown features in the experiments. 
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Figure 6.11 Manhattan plots showing the correlations between QTL-associated alcohols and 
the lipidomics features in the rice mapping population. Mass indicated either as mass-to-
charge ratio or neutral mass. 
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Table 6.6 Lipidomics features with LOD≥10 in QTL-associated alcohols in rice. 
R LOD RT Mass Category Formula Adducts 
1-Pentanol 
0.72 16.00 0.94 293.2115m/z Unknown     
0.70 16.00 0.92 295.2272m/z Fatty acyls C18H30O3 M+H 
0.68 16.00 0.89 335.2204m/z Fatty acyls C20H30O4 M+H 
0.66 16.00 0.87 277.2168m/z Fatty acyls C18H28O2 M+H 
0.63 15.35 1.14 277.2171m/z Fatty acyls C18H28O2 M+H 
0.63 15.18 1.14 294.2196n Fatty acyls C18H30O3 M+H-2H2O, M+H, M+Na 
0.59 13.00 8.10 564.5378m/z Sphingolipids C36H69NO3 M+H 
0.57 12.00 0.80 275.2007m/z Fatty acyls C18H26O2 M+H 
0.53 10.18 7.24 580.5330m/z Sphingolipids C36H69NO4 M+H 
1-Hexanol 
0.62 14.81 1.14 294.2196n Fatty acyls C18H30O3 M+H-2H2O, M+H, M+Na 
0.58 12.75 1.14 277.2171m/z Fatty acyls C18H28O2 M+H 
0.53 10.53 1.12 341.2068m/z Unknown C17H28N2O5 M+H 
1-Heptanol 
0.62 14.65 2.56 864.4132m/z Unknown     
0.60 13.56 2.56 878.4279m/z Unknown     
0.59 13.43 2.56 832.3350n Unknown   M+H, M+NH4 
0.59 13.37 2.54 762.2833n Unknown   M+H, M+NH4, M+Na, M+K 
0.57 12.03 2.58 821.3457m/z Unknown     
0.56 11.70 4.56 834.3789n Unknown   M+NH4, M+Na 
0.54 10.95 3.14 524.2215n Fatty acyls C26H36O11 M+H, M+NH4 
0.54 10.93 2.56 808.3459m/z Unknown     
0.53 10.45 2.54 762.2864n Unknown   M+NH4, M+Na, M+K 
0.53 10.36 3.14 188.1231n Unknown   M+Na, 2M+NH4 
0.53 10.27 3.14 598.5206m/z Unknown     
0.53 10.13 3.14 267.1756m/z Fatty acyls C19H22O M+H 
1-Octanol 
0.58 12.82 2.56 864.4132m/z Unknown     
0.56 11.91 2.56 832.3350n Unknown   M+H, M+NH4 
0.56 11.52 2.56 878.4279m/z Unknown     
0.55 11.34 2.54 762.2833n Unknown   M+H, M+NH4, M+Na, M+K 
0.52 9.93 4.56 834.3789n Unknown   M+NH4, M+Na 
 
Ketones. Nine ketones (five saturated, three unsaturated, one cyclic), were associated with a QTL in 
Chapter 5. The relationships between these volatile compounds and the 2359 lipid features are 
summarised in Figure 6.12 and the most significant of these relationships are tabulated in Table 6.7. 
Strong positive correlations (LOD≥10) were identified between six of these nine ketones and the lipid 
features. These six ketones are 2-heptanone, 3-heptanone, 3-octanone, 3-octen-2-one, 3-penten-2-one 
and cyclohexanone (Table 6.7). Again, most of the highly correlated lipid features were unknowns 
and have eluted in the first half of the chromatographic run (RT=0.80-8.10 min). 
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Figure 6.12 Manhattan plots showing the correlations between QTL-associated ketones and the 
lipidomics features in the rice mapping population. Mass indicated either as mass-to-charge ratio 
or neutral mass. 
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Table 6.7 Lipidomics features with LOD≥10 in QTL-associated ketones in rice. 
R LOD RT Mass Category Formula Adducts 
2-Heptanone 
0.76 16.00 0.94 293.2115m/z Unknown     
0.75 16.00 0.87 277.2168m/z Fatty acyls C18H28O2 M+H 
0.74 16.00 0.92 295.2272m/z Fatty acyls C18H30O3 M+H 
0.73 16.00 0.89 335.2204m/z Fatty acyls C20H30O4 M+H 
0.72 16.00 1.14 294.2196n Fatty acyls C18H30O3 M+H-2H2O, M+H, M+Na 
0.72 16.00 1.14 277.2171m/z Fatty acyls C18H28O2 M+H 
0.65 16.00 0.80 275.2007m/z Fatty acyls C18H26O2 M+H 
0.61 14.04 1.12 341.2068m/z Unknown C17H28N2O5 M+H 
0.59 13.44 8.10 564.5378m/z Sphingolipids C36H69NO3 M+H 
0.57 12.22 1.10 278.2255n Fatty acyls C18H30O2 M+H-2H2O, M+H, M+Na 
2-Decanone 
0.41 6.07 2.56 864.4132m/z Unknown     
0.41 6.01 2.56 878.4279m/z Unknown     
0.41 5.94 3.14 216.1540n Unknown   M+Na, M+K 
0.41 5.93 4.31 429.3740m/z Sterol lipids C29H48O2 M+H 
0.40 5.92 2.56 808.3459m/z Unknown     
0.40 5.77 3.14 188.1231n Unknown   M+Na, 2M+NH4 
0.40 5.75 1.99 369.3856m/z Unknown     
0.40 5.67 2.56 832.3350n Unknown   M+H, M+NH4 
0.39 5.62 4.56 834.3789n Unknown   M+NH4, M+Na 
0.39 5.54 2.54 762.2833n Unknown   
M+H, M+NH4, M+Na, 
M+K 
0.39 5.43 3.14 524.2215n Fatty acyls C26H36O11 M+H, M+NH4 
0.39 5.40 3.14 267.1756m/z Fatty acyls C19H22O M+H 
0.38 5.28 3.14 598.5206m/z Unknown     
0.38 5.27 2.58 821.3457m/z Unknown     
0.38 5.24 3.14 580.2868n Unknown   
M+H, M+NH4, M+Na, 
M+K, 2M+NH4 
0.38 5.15 5.92 1088.4757n Unknown   M+NH4, M+Na 
0.38 5.13 3.15 580.3713n Unknown   M+H, M+NH4, M+Na 
0.38 5.11 3.31 507.3672m/z Unknown     
0.38 5.10 8.04 495.4419m/z Unknown     
0.37 4.92 4.03 427.3580m/z Unknown     
0.36 4.65 3.17 626.3481m/z Unknown C29H43N11O5 M+H 
0.36 4.59 4.41 1034.4140m/z Unknown     
0.35 4.58 3.17 668.3957m/z Unknown     
0.35 4.53 3.17 682.4119m/z Unknown     
0.35 4.51 7.99 264.2689m/z Unknown     
0.35 4.46 6.97 780.3178m/z Unknown     
0.35 4.46 11.34 914.8194m/z Unknown     
0.35 4.43 2.54 762.2864n Unknown   M+NH4, M+Na, M+K 
0.35 4.42 8.46 566.5539m/z Sphingolipids C36H71NO3 M+H 
0.35 4.36 0.77 154.0629n Unknown   M+H-2H2O, 2M+H 
0.34 4.29 3.19 625.3287m/z Glycerophospholipids C31H55O8P M+K 
2,3-Butanedione 
0.47 7.86 1.65 399.3095m.z Glycerolipids C23H42O5 M+H 
-0.42 6.47 13.24 383.3653m.z Unknown     
0.42 6.24 11.99 898.9024m.z Unknown     
0.41 6.04 2.56 864.4132m.z Unknown     
-0.41 6.04 12.9 676.6191n Unknown   M+NH4, M+Na, M+K 
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Table 6.7. Continued.. 
 
R LOD RT Mass Category Formula Adducts 
3-Heptanone 
0.75 16.00 2.56 878.4279m/z Unknown     
0.74 16.00 3.14 524.2215n Fatty acyls C26H36O11 M+H, M+NH4 
0.74 16.00 5.92 1088.4757n Unknown   M+NH4, M+Na 
0.73 16.00 3.14 598.5206m/z Unknown     
0.73 16.00 3.14 267.1756m/z Fatty acyls C19H22O M+H 
0.73 16.00 2.54 762.2833n Unknown   
M+H, M+NH4, M+Na, 
M+K 
0.73 16.00 3.14 188.1231n Unknown   M+Na, 2M+NH4 
0.72 16.00 2.56 864.4132m/z Unknown     
0.72 16.00 3.14 580.2868n Unknown   
M+H, M+NH4, M+Na, 
M+K, 2M+NH4 
0.71 16.00 4.41 1034.4140m/z Unknown     
0.69 16.00 2.56 832.3350n Unknown   M+H, M+NH4 
0.69 16.00 3.14 216.1540n Unknown   M+Na, M+K 
0.68 16.00 3.17 668.3957m/z Unknown     
0.68 16.00 4.56 834.3789n Unknown   M+NH4, M+Na 
0.68 16.00 3.19 625.3287m/z Glycerophospholipids C31H55O8P M+K 
0.67 16.00 2.58 821.3457m/z Unknown     
0.66 16.00 3.17 682.4119m/z Unknown     
0.66 16.00 2.54 762.2864n Unknown   M+NH4, M+Na, M+K 
0.63 15.35 8.46 566.5539m/z Sphingolipids C36H71NO3 M+H 
0.63 15.35 2.56 808.3459m/z Unknown     
0.62 15.18 3.15 580.3713n Unknown   M+H, M+NH4, M+Na 
0.60 13.69 6.97 780.3178m/z Unknown     
0.60 13.50 3.17 626.3481m/z Unknown C29H43N11O5 M+H 
0.58 12.92 8.43 177.0550m/z Fatty acyls C10H8O3 M+H 
0.57 12.08 8.46 584.5649m/z Sphingolipids C36H73NO4 M+H 
0.56 11.79 8.43 176.1566n Unknown   M+H, 2M+H 
0.56 11.75 8.43 285.2571m/z Unknown     
-0.56 11.66 12.9 676.6191n Unknown   M+NH4, M+Na, M+K 
-0.56 11.66 12.7 383.3674m/z Unknown     
0.56 11.54 8.28 409.3844m/z Fatty acyls C30H48 M+H 
-0.55 11.46 13.24 383.3653m/z Unknown     
0.55 11.46 8.43 108.0931n Fatty acyls C8H12 M+H, 2M+H 
0.55 11.43 8.45 256.2195n Unknown   M+H, 2M+NH4 
0.55 11.03 8.43 203.1799m/z Fatty acyls C15H22 M+H 
0.54 10.85 8.43 299.2732m/z Unknown     
0.54 10.62 6.82 421.3830m/z Unknown     
0.52 10.13 8.43 231.2112m/z Unknown     
0.52 10.12 8.43 190.1724n Fatty acyls C14H22 M+H, 2M+H 
0.52 10.12 8.54 383.3693m/z Unknown     
0.52 10.01 8.43 423.5691m/z Unknown     
-0.52 10.00 12.43 395.3685m/z Fatty acyls C29H46 M+H 
3-Octanone 
0.56 11.53 2.56 878.4279m/z Unknown     
0.55 11.28 5.92 1088.4757n Unknown   M+NH4, M+Na 
0.55 11.14 3.14 524.2215n Fatty acyls C26H36O11 M+H, M+NH4 
0.54 10.96 3.14 267.1756m/z Fatty acyls C19H22O M+H 
0.54 10.89 3.14 188.1231n Unknown   M+Na, 2M+NH4 
0.54 10.57 2.56 864.4132m/z Unknown     
0.53 10.37 3.14 598.5206m/z Unknown     
0.53 10.32 3.14 580.2868n Unknown   
M+H, M+NH4, M+Na, 
M+K, 2M+NH4 
0.52 10.09 3.14 216.1540n Unknown   M+Na, M+K 
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Table 6.7. Continued.. 
 
R LOD RT Mass Category Formula Adducts 
3-Octen-2-one 
0.75 16.00 0.94 293.2115m/z Unknown     
0.64 16.00 0.92 295.2272m/z Fatty acyls C18H30O3 M+H 
0.64 16.00 0.89 335.2204m/z Fatty acyls C20H30O4 M+H 
0.61 14.51 0.87 277.2168m/z Fatty acyls C18H28O2 M+H 
0.53 10.20 8.1 564.5378m/z Sphingolipids C36H69NO3 M+H 
0.51 9.33 1.14 277.2171m/z Fatty acyls C18H28O2 M+H 
0.50 9.29 0.8 275.2007m/z Fatty acyls C18H26O2 M+H 
3-Penten-2-one 
0.62 14.95 8.1 454.4060n Unknown   M+Na, M+K 
0.62 14.70 7.82 634.5199n Unknown   M+H, M+NH4 
0.61 14.48 8.31 685.5312m/z Glycerophospholipids C38H70NO6P M+NH4 
0.61 14.22 8.07 281.2482m/z Fatty acyls C18H32O2 M+H 
0.60 14.01 8.1 636.5358n Unknown   M+H, M+NH4, M+Na 
0.60 13.72 8.09 675.4985m/z Glycerophospholipids C37H71O8P M+H 
0.60 13.69 9.58 842.6961n Unknown   M+NH4, M+Na 
0.60 13.48 8.09 619.5323m/z Glycerolipids C39H70O5 M+H 
0.59 13.25 7.65 591.5016m/z Glycerolipids C35H68O5 M+Na 
0.59 13.23 6.56 632.5031n Unknown   M+H, M+NH4 
0.59 13.19 7.65 608.5046n Unknown C37H68O6 
M+H-2H2O, M+H, M+NH4, 
M+Na 
0.58 12.91 9.77 937.7498m/z Glycerolipids C59H104O10 M+H-2H2O 
0.58 12.83 8.07 593.5172m/z Glycerolipids C37H68O5 M+H 
0.58 12.59 7.63 279.2324m/z Fatty acyls C18H30O2 M+H 
0.57 12.34 7.46 591.5010m/z Glycerolipids C37H66O5 M+H 
0.57 12.24 7.45 631.4935m/z Unknown     
0.57 12.16 7.63 388.2838n Unknown   M+H-2H2O, 2M+NH4 
0.57 11.98 6.38 615.5008m/z Glycerolipids C39H66O5 M+H 
0.57 11.96 6.56 353.2692m/z Glycerolipids C21H36O4 M+H 
0.56 11.89 7.61 634.5200n Unknown   M+H, M+NH4 
0.56 11.89 6.38 632.5028n Unknown   M+NH4, M+Na 
0.56 11.83 8.07 649.4831m/z Glycerophospholipids C35H69O8P M+H 
0.56 11.82 6.58 615.5003m/z Glycerolipids C39H66O5 M+H 
0.56 11.77 7.61 617.5174m/z Glycerolipids C39H68O5 M+H 
0.56 11.76 7.84 657.5098m/z Unknown     
0.56 11.49 9.58 825.6968m/z Glycerolipids C53H92O6 M+H 
0.55 11.42 8.05 354.2782n Glycerolipids C21H38O4 M+H-2H2O, M+H, M+K 
0.55 11.31 8.07 428.3903n Unknown   M+Na, M+K, 2M+Na 
0.55 11.27 8.16 947.6944m/z Glycerolipids C27H50O5 2M+K 
0.55 11.12 6.36 353.2693m/z Fatty acyls C21H36O4 M+H 
0.54 10.90 7.46 659.5239m/z Unknown     
0.54 10.84 5.53 613.4838m/z Glycerolipids C39H64O5 M+H 
0.54 10.70 9.16 998.8396m/z Unknown     
0.54 10.64 7.82 617.5171m/z Glycerolipids C39H68O5 M+H 
0.53 10.52 9.12 902.7448m/z Unknown     
0.53 10.48 8.07 610.5204n Unknown C37H70O6 M+H, M+NH4, M+Na 
0.53 10.16 10.04 939.7665m/z Glycerolipids C59H106O10 M+H-2H2O 
0.53 10.15 8.8 931.7025m/z Unknown     
Cyclohexanone 
0.55 11.11 5.92 1088.4757n Unknown   M+NH4, M+Na 
0.54 10.91 8.54 383.3693m/z Unknown     
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Furans. The two furans that were associated with QTLs in Chapter 5 showed similar trend of 
correlations with the lipid features detected in this current chapter. These two volatile compounds 
were both strongly positively correlated with lipid features that were less than 400 m/z (LOD≥10) 
(Figure 6.13; Table 6.8). Besides the unknown features, fatty acyls with masses less than 300 m/z and 
M+H adduct and a putative sphingolipid emerged as the most significantly correlated of the features 
analysed. This sphingolipid feature has the following information: RT=8.1 min; mass=564.5378 m/z; 
molecular formula=C36H69NO3; M+H adduct).  
L
O
D
 
Mass 
Figure 6.13 Manhattan plots showing the correlations between QTL-associated furans, sulfur-
containing compounds and hydrocarbons, and the lipidomics features in the rice mapping 
population. Mass indicated either as mass-to-charge ratio or neutral mass. 
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Database search results showed that this feature is a sphingolipid and specifically a ceramide. Out of 
the four isomers, the following species are plausible identities of this lipid feature: 1) 
Cer(d18:1/18:1(9Z)) (LIPID MAPS ID: LMSP02010003); 2) Cer(d16:1/20:1) (LIPID MAPS ID: 
LMSP02010048). 
 
Table 6.8 Lipidomics features with LOD≥10 in QTL-associated furans detected in rice in rice. 
R LOD RT Mass Category Formula Adducts 
2-n-Butyl furan 
0.72 16.00 1.14 277.2171m/z Fatty acyls C18H28O2 M+H 
0.76 16.00 0.94 293.2115m/z Unknown     
0.72 16.00 1.14 294.2196n Fatty acyls C18H30O3 M+H-2H2O, M+H, M+Na 
0.71 16.00 0.92 295.2272m/z Fatty acyls C18H30O3 M+H 
0.70 16.00 0.87 277.2168m/z Fatty acyls C18H28O2 M+H 
0.68 16.00 0.89 335.2204m/z Fatty acyls C20H30O4 M+H 
0.62 14.61 8.10 564.5378m/z Sphingolipids C36H69NO3 M+H 
0.60 13.58 1.12 341.2068m/z Unknown C17H28N2O5 M+H 
0.59 13.40 0.80 275.2007m/z Fatty acyls C18H26O2 M+H 
0.56 11.83 1.10 278.2255n Fatty acyls C18H30O2 M+H-2H2O, M+H, M+Na 
2-Pentyl furan 
0.69 16.00 0.94 293.2115m/z Unknown     
0.63 15.65 0.92 295.2272m/z Fatty acyls C18H30O3 M+H 
0.62 14.95 8.10 564.5378m/z Sphingolipids C36H69NO3 M+H 
0.61 14.24 0.87 277.2168m/z Fatty acyls C18H28O2 M+H 
0.59 13.26 1.14 294.2196n Fatty acyls C18H30O3 M+H-2H2O, M+H, M+Na 
0.59 13.17 0.89 335.2204m/z Fatty acyls C20H30O4 M+H 
0.58 12.43 1.14 277.2171m/z Fatty acyls C18H28O2 M+H 
 
S-containing compounds. The correlations between S-containing compounds dimethyl disulfide 
(DMDS) and dimethyl trisulfide (DMTS) and lipidomics features are summarised in Figure 6.13 and 
Table 6.9. Unlike the other groups of volatile compounds, DMDS and DMTS did not have very high 
correlation scores (LOD≤10) compared to the other compounds mentioned earlier, however, it is clear 
that significant correlations do exist between specific lipid features and these two compounds. DMTS 
was negatively correlated with several features (LOD≥6) with masses approximately 600 m/z and 800 
m/z (Figure 6.13). Out of these 44 features (Table 6.9), 20 were putatively identified as 
glycerophospholipids. The three most characterising of these glycerophospholipid features (LOD≥8), 
had retention times between 7.60-8.78 min. The first feature had the following information: RT=7.60 
min; mass=838.5738 m/z; molecular formula=C45H86NO8P; M+K adduct (Table 6.10). Out of the 25 
species identified though database search results, this feature is most likely one of the following: 1) 
PE(18:2(9Z,12Z)/22:0) (LIPID MAPS ID: LMGP02010675); 2) PE(22:0/18:2(9Z,12Z)) (LIPID 
MAPS ID: LMGP02011024); PE(20:1(11Z)/20:1(11Z)) (LIPID MAPS ID: LMGP02011175). The 
second feature had the following information: RT=8.05 min; mass=696.4743n; molecular 
formula=C39H69O8P; M+H, M+NH4 adducts (Table 6.9). Out of the 13 species identified though 
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database search results, this feature is most likely one of the following: 1) 
PA(18:1(9Z)/18:3(6Z,9Z,12Z)) (LIPID MAPS ID: LMGP10010328; 2) 
PA(18:3(6Z,9Z,12Z)/18:1(9Z)) (LIPID MAPS ID: LMGP10010376; 3) 
PA(18:3(9Z,12Z,15Z)/18:1(9Z)) LMGP10010873; PA(18:1(9Z)/18:3(9Z,12Z,15Z)) 
LMGP10010880; PA(18:2(9Z,12Z)/18:2(9Z,12Z)) (LIPID MAPS ID: LMGP10010957). The third 
feature had the following information: RT=8.78 min; mass=718.5398 m/z; molecular formula= 
C39H76NO8P; M+H adduct (Table 6.9). Out of the 31 species identified though database search results, 
this feature is most likely one of the following: 1) PE(16:0/18:1(9Z)) (LIPID MAPS ID: 
LMGP02010009); 2) PE(18:1(9Z)/16:0) (LIPID MAPS ID: LMGP02010099); 3) 
PE(14:0/20:1(11Z)) (LIPID MAPS ID: LMGP02010415); 4) PE(14:1(9Z)/20:0) (LIPID MAPS ID: 
LMGP02010440); 5) PE(16:1(9Z)/18:0) (LIPID MAPS ID: LMGP02010524); 6) PE(20:0/14:1(9Z)) 
LMGP02010824); 7) PE(20:1(11Z)/14:0) (LIPID MAPS ID: LMGP02010843); 8) 
PE(18:0/16:1(9Z)) (LIPID MAPS ID: LMGP02011204). 
DMDS, on the other hand did not show clear direction of correlations with the features, although the 
results for most highly correlated feature was a negative correlation. This feature, which was assigned 
as a glycerolipid had the following information: RT=9.90 min; mass=594.5269n; molecular 
formula=C37H70O5; M+H, M+NH4, M+Na, M+K adducts (Table 6.9). Database results inferred that 
this feature is a DAG and could be one of the following species: 1) DG(18:1(11E)/16:0/0:0) (LIPID 
MAPS ID: LMGL02010004); 2) DG(18:1(9Z)/16:0/0:0) (LIPID MAPS ID: LMGL02010005); 3) 
DG(16:0/18:1(9Z)/0:0) (LIPID MAPS ID: LMGL02010006); 4) DG(16:1(9Z)/18:0/0:0)[iso2] 
LMGL02010023); 5) DG(16:0/18:1(11Z)/0:0) (LIPID MAPS ID: LMGL02010307); 6) 
DG(14:0/20:1(11Z)/0:0)[iso2] (LIPID MAPS ID: LMGL02010389); 7) DG(14:1(9Z)/20:0/0:0)[iso2] 
(LIPID MAPS ID: LMGL02010412). This feature was not among the most characterising (LOD≥10) 
for DMTS. The next important feature for DMDS was putatively identified as a glycerophospholipid 
with the following information: RT=8.09 min; mass=675.4985 m/z; molecular formula=C37H71O8P; 
M+H adduct (Table 6.9). Database search results showed that this feature is most likely a phosphatidic 
acid and could be one of the following eight species: 1) PA(16:0/18:1(9Z)) (LIPID MAPS ID: 
LMGP10010032); 2) PA(14:0/20:1(11Z)) (LIPID MAPS ID: LMGP10010100); 3) 
PA(14:1(9Z)/20:0) (LIPID MAPS ID: LMGP10010125); 4) PA(16:1(9Z)/18:0) (LIPID MAPS ID: 
LMGP10010209); 5) PA(20:0/14:1(9Z)) (LIPID MAPS ID: LMGP10010509); 6) 
PA(20:1(11Z)/14:0) (LIPID MAPS ID: LMGP10010528); 7) PA(18:0/16:1(9Z)) (LIPID MAPS ID: 
LMGP10010887); 8) PA(18:1(9Z)/16:0) (LIPID MAPS ID: LMGP10010964). All of these species 
contain fatty acid side-chains that are found in rice. 
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Table 6.9 Lipidomics features with LOD≥10 in QTL-associated sulfur-containing volatile compounds 
detected in rice. 
R LOD RT Mass Category Formula Adducts 
Dimethyl disulfide 
-0.44 6.90 9.09 594.5269n Glycerolipids C37H70O5 
M+H, M+NH4, 
M+Na, M+K 
0.43 6.73 8.09 675.4985m/z Glycerophospholipids C37H71O8P M+H 
0.43 6.66 8.10 454.4060n Unknown   M+Na, M+K 
-0.43 6.56 9.10 295.2442n Unknown   M+NH4, 2M+Na 
0.42 6.22 4.39 1039.3679m/z     
-0.41 6.19 8.70 575.5097m/z Unknown     
Dimethyl trisulfide 
-0.50 9.18 7.61 794.5571n Unknown   
M+NH4, M+Na, 
M+K 
-0.49 8.85 7.60 838.5738m/z Glycerophospholipids C45H86NO8P M+K 
-0.49 8.63 12.66 409.3842m/z Unknown     
-0.48 8.53 8.05 696.4743n Glycerophospholipids C39H69O8P M+H, M+NH4 
-0.48 8.41 8.02 601.5228m/z Unknown     
-0.47 8.15 8.78 718.5398m/z Glycerophospholipids C39H76NO8P M+H 
-0.47 8.10 7.82 577.5231m/z Unknown     
-0.47 7.91 7.04 599.5066m/z Unknown     
-0.47 7.88 7.16 744.5556m/z Glycerophospholipids C41H75O8P M+NH4 
-0.47 7.85 8.80 716.5246m/z Glycerophospholipids C39H74NO8P M+H 
-0.46 7.70 8.78 692.5238m/z Glycerophospholipids C37H74NO8P M+H 
-0.46 7.57 7.46 787.5794m/z Unknown     
-0.46 7.57 7.04 739.5189n Glycerophospholipids C41H74NO8P M+H, M+Na 
-0.46 7.50 13.24 383.3653m/z Unknown     
-0.45 7.47 8.94 605.5458m/z Unknown     
-0.45 7.27 8.10 721.4803m/z Glycerophospholipids C41H69O8P M+H 
-0.44 7.11 8.45 604.5416m/z Unknown     
-0.44 7.05 8.17 760.9334m/z Unknown     
-0.44 7.03 7.82 577.7204m/z Unknown     
-0.44 6.88 7.63 794.5583n Unknown   M+NH4, M+K 
-0.44 6.87 6.60 577.5130m/z Unknown     
-0.44 6.84 8.48 697.4800m/z Glycerophospholipids C39H69O8P M+H 
-0.44 6.83 6.60 575.5089m/z Unknown     
-0.43 6.80 8.02 601.7238m/z Unknown     
-0.43 6.77 6.60 834.5289n Glycerophospholipids C43H79O13P M+H, M+Na 
-0.43 6.76 7.82 836.5446n Glycerophospholipids C43H81O13P M+H, M+Na 
0.43 6.73 4.39 1104.4907m/z     
-0.43 6.64 7.45 768.5403n Unknown   M+NH4, M+Na 
-0.43 6.62 8.46 692.5247m/z Glycerophospholipids C37H71O8P M+NH4 
-0.43 6.61 9.17 718.5408m/z Glycerophospholipids C39H76NO8P M+H 
-0.43 6.60 7.82 577.5250m/z Unknown     
-0.43 6.52 8.12 814.6076m/z Glycerophospholipids C49H88NO8P M+H-2H2O 
-0.42 6.50 8.29 717.5348n Glycerophospholipids C39H76NO8P M+H, M+Na 
-0.42 6.49 8.17 813.5544m/z Unknown     
-0.42 6.45 8.48 723.4957m/z Glycerophospholipids C41H71O8P M+H 
-0.42 6.37 7.82 836.5428n Unknown   M+NH4, M+K 
-0.42 6.37 8.70 575.5097m/z Unknown     
-0.42 6.35 8.45 701.5134m/z Glycerophospholipids C39H73O8P M+H 
-0.42 6.26 8.17 760.9353m/z Unknown     
-0.41 6.18 7.96 715.5200n Glycerophospholipids C39H74NO8P M+H, M+Na 
-0.41 6.11 8.19 1159.3495m/z Unknown     
-0.41 6.04 8.09 788.5923m/z Glycerophospholipids C47H86NO8P M+H-2H2O 
-0.41 6.02 8.09 699.4986m/z Glycerophospholipids C39H71O8P M+H 
 
  
132 
Hydrocarbons. The two hydrocarbons, nonane and 1-decene, were associated with a QTL (LOD≥3) 
in Chapter 5. In this current chapter, 1-decene was observed to positively correlate most with an 
unknown feature (LOD=6.28; R=0.42; mass=385.0693 m/z) (Table 6.10). Nonane was observed to 
strongly correlate mostly with unknown features as well (LOD≥10), however, these lipid features 
were of higher masses (mass greater than 800 m/z) compared to those featured associated with 1-
decene. 
 
Table 6.10 Lipidomics features with LOD≥10 in QTL-associated hydrocarbons in rice. 
R LOD RT Mass Category Formula Adducts 
1-Decene 
0.42 6.28 1.21 385.0693m/z Unknown     
0.40 5.90 1.21 383.0716m/z Unknown     
0.38 5.27 1.12 458.2885n Unknown   M+NH4, M+Na 
0.36 4.70 5.09 340.3586m/z Unknown     
0.35 4.44 1.54 526.4341m/z Unknown     
0.34 4.13 0.85 327.0087m/z Unknown     
0.33 4.06 7.90 508.4987n Unknown   M+H, M+Na 
1-Nonane 
0.57 12.06 2.56 864.4132m/z Unknown     
0.57 12.03 2.56 832.3350n Unknown   M+H, M+NH4 
0.52 10.08 2.56 808.3459m/z Unknown     
0.51 9.58 2.54 762.2833n Unknown   
M+H, M+NH4, M+Na, 
M+K 
0.51 9.44 2.56 878.4279m/z Unknown     
0.48 8.38 3.15 580.3713n Unknown   M+H, M+NH4, M+Na 
0.47 8.08 0.94 293.2115m/z Unknown     
0.47 7.88 2.58 821.3457m/z Unknown     
0.46 7.74 3.14 580.2868n Unknown   
M+H, M+NH4, M+Na, 
M+K, 2M+NH4 
0.46 7.67 3.14 188.1231n Unknown   M+Na, 2M+NH4 
0.46 7.64 3.14 267.1756m/z Fatty acyls C19H22O M+H 
0.45 7.4 4.41 1034.4140m/z Unknown     
0.45 7.36 3.14 598.5206m/z Unknown     
0.45 7.25 3.14 524.2215n Fatty acyls C26H36O11 M+H, M+NH4 
0.45 7.22 1.14 294.2196n Fatty acyls C18H30O3 M+H-2H2O, M+H, M+Na 
0.44 6.92 3.14 216.1540n Unknown   M+Na, M+K 
0.44 6.88 2.54 762.2864n Unknown   M+NH4, M+Na, M+K 
-0.43 6.58 10.36 124.1274n Unknown   M+Na, 2M+Na 
-0.42 6.45 12.9 676.6191n Unknown   M+NH4, M+Na, M+K 
0.42 6.44 5.92 1088.4757n Unknown   M+NH4, M+Na 
0.42 6.27 0.92 295.2272m/z Fatty acyls C18H30O3 M+H 
-0.41 6.2 12.9 397.3847m/z Sterol lipids C29H48 M+H 
0.41 6.11 1.14 277.2171m/z Fatty acyls C18H28O2 M+H 
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6.4 Discussion 
6.4.1 Lipids characterise rice genotypes 
Identifying the different factors that affect rice quality is essential to ensure that a desired grain 
phenotype is acquired through marker-assisted selection. Lipids are now seen as a crucial determinant 
for different phenotypes in microbes (Li et al., 2010), humans (German et al., 2003, Halade et al., 
2018), marine organisms (Cutignano et al., 2016) and higher plants (Welti et al., 2007, Tenenboim 
et al., 2016, Yu et al., 2018). Using untargeted lipidomics, the lipid profile of milled rice has been 
shown to have increased abundance of high molecular weight features, which were putatively 
identified as glycerolipids in the form TAGs (Table 6.1). TAGs are main storage component lipids in 
seeds, which is the major site for lipid storage in plants (Chapman and Ohlrogge, 2012). This is the 
reason why several efforts have been made in improving seed oil content, which is one of the most 
important characters of oil seed plant (Xue et al., 2017). Lipid abundance have been shown to change 
in different environmental conditions such as year of harvest (Goffman et al., 2003) and as a stress 
response (Li et al., 2015). In a study of wheat cultivars, Narayanan (2015) observed a decrease in 
lipid unsaturation levels of complex lipids at high temperatures, and this was due predominantly to 
the decrease in C18:3n-3 fatty acid and increase in C18:1n-9 and C16:0 fatty acids. Novel odd-
numbered long-chain fatty acid-containing phospholipids, which were highly responsive to high 
temperature stress were also identified. In this current chapter, the clear separation of the four varieties 
based on their genotypes (Figure 6.3), shows that nitrogen addition to the level of 240 kg.ha-1 does 
not significantly affect the lipid profile of rice varieties (Appendix D-2). The absence of the effect of 
nitrogen on lipid profile, however, does not discount the possibility of the effects of other soil 
properties such as phosphorus, which has been reported to alter lipids in other crops (Wasaki et al., 
2003). Perhaps, the introduction of additional nitrogen has not flowed into the lipid biosynthetic 
pathway. However, it is noteworthy that a variety has specific ways of responding to environmental 
stimuli, such as in this case, the addition of nitrogen in the soil.  
In addition to glycerolipids such as TAGs and DAGs, glycerophospholipids have been determined in 
rice (Liu et al., 2014). Glycerophospholipids, consisting of covalently bound phosphate and lipid, are 
a major class of lipid in rice, comprising up to 10% of total grain lipid content (Liu et al., 2013). Of 
the glycerophospholipids, phosphatidylcholine plays a central role in these pathways as a substrate 
for acyl modifications and likely as a carrier for the trafficking of acyl groups between organelles and 
membrane subdomains (Bates et al., 2013). In a study of milled total lipids, the amounts of FFA, 
triglycerides and glycerophospholipids were found to be in relatively higher concentrations compared 
to the other lipids types identified that include sterols, MAG and DAG (Azudin and Morrison, 1986).  
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The unsaturated fatty acids in rice are derived from lysophospholipids including 
lysophosphatidylcholine (LPC), and from TAG. Much of the glycerophospholipid and the TAG are 
removed during the rice polishing process because these lipids are mainly present in the outer layer 
of rice (Zaima et al., 2014). In a study of the distribution of LPC molecular species with unsaturated 
fatty acids in Japanese rice using matrix-assisted laser desorption/ionization mass spectrometry 
imaging. LPC (16:0) is ubiquitously present in the endosperm of rice while LPC (18:0) is localised 
in the core of the endosperm. In contrast, LPC (18:2) and LPC (18:1) are present in the outer region 
of the endosperm (Zaima et al., 2014). The C18:1n-9 and C18:2n-6 fatty acids that were identified in 
the previous chapter can be derived from this lipid group.  
One of the important groups identified in the rice lipid samples were sterol lipid species. Sterols are 
known to be present in the bran and are distributed in a wide variety of cells as free sterols, fatty acid 
esters and sterol glycosides (Gaydou et al., 1980). Phytosterol is found in various plant cells as a type 
of lipid. β-Sitosterol, stigmasterol and campesterol are well-known phytosterols abundantly 
distributed in plants. By simply examining their structures, the sterols that were putatively identified 
in the samples may not be a source for volatile compounds that were identified in the previous 
chapters. The main adducts for these compounds are M+H and M+Na. Since there was sterol 
analytical standard used in the analyses, all of the sterols detected in the samples were putatively 
identified. 
6.4.2 Relationships between lipids and quality traits 
Many lipid features were detected in the samples, and the loadings plot (Figure 6.6b) indicated many 
features that drove the clustering of rice lines on the PCA (Figure 6.6). The use of Manhattan plots to 
determine the strongest statistical associations allowed the identification of the most important lipid 
features for each trait of quality. 
6.4.2.1 Lipids, physical traits and protein content 
There is no clear reason why the correlations between lipid features and grain physical traits exist; 
however, it can be inferred that the total lipid content in each grain of rice vary depending on the size 
of the grain. The presence of both positive and negative correlations between the features and the 
physical traits, indicates that the actual lipid-to-trait relationship is based on the amounts of specific 
lipid categories. In particular, grain width was negatively correlated with features with mass around 
800 m/z, but was mostly negatively correlated with masses less than 800 m/z. Chalk also displayed 
this trend in correlations, which is not surprising because in the RIL population, grain width and chalk 
are positively correlated traits (Chapter 4-Figure 4.4).  
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Protein content was measured in a subset of the RIL population and the varieties grown under 
different N levels in order to draw more conclusive results regarding the role of lipids in rice aroma 
and texture. Proteins are a major contributor to rice overall quality and have been reported to play 
significant roles in the aroma of cooked rice and rice-derived products (Sachiko et al., 2006, Wongpia 
et al., 2016), cooked rice texture (Martin and Fitzgerald, 2002, Balindong et al., 2018) and potential 
nutritional quality (Zhang et al., 2008). The significant statistical differences in rice protein content 
across five levels of N nutrition (Appendix D-2) shows that N has indeed affected the total amount 
of proteins in the grains. This finding coincides with previous reports wherein positive linear 
correlation between protein content and increased N application was observed in milled rice samples 
(Perez et al., 1996, Singh et al., 2011). In other reports, the increased N application was also shown 
to significantly affect the starch structure of rice by making the starch surface uneven, by decreasing 
the degree of order of starch, and by decreasing the size of the starch granule (Zhu et al., 2017). This 
study also reported that relative crystallinity in rice samples increased with increasing N level. 
Swelling power and solubility were increased with increasing N level. Perhaps it was not mainly the 
presence of UFA that leads to the formation of less and/or more aroma volatile compounds, because 
amino acids, such as tryptophan (Trp), tyrosine and histidine could have exhibited antioxidant activity 
in the course of the spontaneous oxidation of C18:2n-6. Using an electron spin resonance 
spectroscopy MS/MS through collision-induced dissociation, (Russo et al., 2010) reported that Trp 
provided a modulating effect when it was incubated with soybean lipoxygenase 1 and C18:2n-6, 
suggesting a reversible radical scavenging activity of tryptophan on the intermediate dienyl radical 
formed in the lipids lipoxygenase cascade.  
6.4.2.2 Lipids and textural traits 
The role of lipids in textural quality of cooked rice is an important point of research since texture is 
one of the most considered grain quality trait that classifies the overall grade of a variety (Juliano, 
1983). Known to be genetically controlled by several known and still unknown genes, rice textural 
quality requires more understanding. In addition to the role of starch (amylose and amylopectin), 
which has been shown to play key roles in rice textural variations, lipids are known to form complexes 
with amylose and amylopectin (Biliaderis and Juliano, 1993), which in turn, affect viscosity and gel 
consistency of the paste. The removal of lipids and proteins has been shown to decrease pasting 
temperatures and increase overall viscosity of starches compared to their respective flours (Maniñgat 
and Juliano, 1980, Fitzgerald et al., 2003, Philpot et al., 2006, Ibanez et al., 2007). This chapter has 
revealed the presence of distinct differences in the lipid profiles of waxy and high amylose rice 
varieties. Although there is no clear differentiation between the low, intermediate and soft-textured 
high AAC rice varieties, majority of the varieties in each of these groups are characterised together 
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according to their lipid profile (Figure 6.4), indicating a strong effect of the amylose content, and the 
presence of other biological factors that could either increase or decrease the presence of lipids in the 
grains. This trend of decreased lipid abundance with the increase in AAC has been demonstrated by 
the presence of strong statistically negative correlations between AAC and a wide range of lipid 
features in the RIL population. RVA traits that are known to be affected by AAC such as PV, BD and 
SB were all highly correlated with similar lipid features (RT=4.99 min and 7.02-7.04 min) and in 
particular, sphingolipids and glycerophospholipids. These may be due to the presence and abundance 
of the starch-lipid complex in the starchy endosperm (Galliard, 1983, Gayral et al., 2015). In addition, 
lipids were observed to alter rice grain texture in a popular rice variety Koshihikari that was grown 
in two different locations (Philpot et al., 2006). In this study, the removal of lipids in the rice flour 
slurry of this variety, significantly increased sample firmness and rate of retrogradation, providing 
insight into the effect of lipids on starch swelling properties. On the other hand, the removal of 
proteins led to significantly softer gels at all storage treatments but did not affect the change in 
firmness on cooling. This study demonstrated that essentially, aside from the expected influence of 
starch and proteins on cooked rice retrogradation properties, the presence of significant correlations 
between RVA traits and lipid features indicates that the presence and amount of long amylose chains 
that complexed with lipids was a strong determining factor for retrogradation and that lipids were a 
strong point of comparison between the origins of the samples. In barley, it has long been known that 
the starch-lipid complex does exist and that this complex is responsible for the variation in swelling 
and gelatinisation in waxy and non-waxy barley (Morrison et al., 1993).  
Besides the unknown features detected, the most significantly correlated features for the textural traits 
were putatively categorised as sphingolipids, fatty acyls and glycerophospholipids. Sphingolipid 
species, in particular ceramides, are known to play important roles in eukaryotic programmed cell 
death (Liang et al., 2003). The fatty acyls may be FFAs, which are known to get into the space inside 
the helical amylose structure of starch. Using x-ray diffraction and differential scanning calorimetry 
of highly crystalline fatty acid-amylose complexes, (Godet et al., 1993) identified that the increase in 
amylose chain length is positively correlated with melting temperature of the complexes. Generally, 
glycerophospholipids in rice may reduce the iodine-binding capacity and swelling (Morrison et al., 
1993). Glycerophospholipids, in their lyso forms (LPL), have been reported to affect cooked rice 
texture either independently or in combination with amylose (Tong et al., 2015). The internal rice 
starch LPLs form a complex with amylose and so change the physicochemical properties of starch 
(Putseys et al., 2010), resulting in modified rice cooking and eating quality.  
The lack of significant statistical relationships between the lipid features and GelCon may not be as 
informative given the existing correlations between lipids and AAC, GT and the pasting properties. 
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Perhaps because the variation in GelCon between the two parents was not as strong as the other 
textural traits, the presence of strong significant relationships between GelCon and lipids was not 
observed. 
6.4.2.3 Lipid species and aroma volatiles 
Aroma in rice is recognised as mainly the presence of the popcorn-like volatile compound 2-acetyl-
1-pyrroline (2AP) and the genetics and chemistry behind this compound has been recently reported 
(Daygon et al., 2017) and corroborated in Chapters 3 and 5. In this current chapter, lipid features were 
analysed together with non-2AP related compounds, which have shown genetic variation in a RIL 
population developed from the fragrant PRD and the non-fragrant TMK. Based on the correlations 
gathered, strong statistical correlations were observed for known lipid-oxidation volatile compounds. 
Linoleic acid oxidation volatile compounds which were associated with a common QTL on rice 
chromosome 6 (Chapter 5, Figure 5.3) — pentanal, hexanal, 2E-nonenal, 2E-octenal, 2E,4E-
nonandienal, 2-n-butyl furan, 2-pentyl furan, 2-heptanone and 3-octen-2-one — have exhibited 
statistically strong correlations with lipid features. The minor peaks could be FFAs and DAGs, which 
may have originated from the partial enzymatic hydrolysis of TAG during storage of the rice seeds 
(Yoshida et al., 2011). The lipid classes that were highly correlated with these volatile were mostly 
fatty acyls, which might be unsaturated fatty acids and glycerophospholipids. The role of 
glycerophospholipids are considered highly important in the field of medical sciences due to the 
susceptibility of the glycerophospholipid, which consists the lipid bilayer, to free radical attack 
(Jarunrattanasri et al., 2007). Polyunsaturated fatty acids esterified to the glycerophospholipid 
backbone are particularly susceptible targets during the propagation of free radical reactions, which 
lead to the formation of relatively stable bisallylic radical intermediates. The significant correlations 
between glycerophospholipids and lipid oxidation derived aroma volatile compounds, indicate that 
glycerophospholipids are the most likely oxidisable lipid groups in the rice samples and that this 
phenomenon can be readily explained by their biochemical structures.  
6.5 Conclusions 
This chapter has provided the first set of lipidomics data for milled rice comparing varieties and a 
rice mapping population. This chapter has shown that rice lipids are a collection of diverse lipid 
groups and species that can be further identified using novel tools in analytical science such as 
tandem-mass spectrometry and the use of additional features such as ion-mobility. Using the UPLC-
MS/MS in ESI(+) and sophisticated software and online databases, this chapter was able to 
consistently putatively identify six lipid categories — fatty acyls, glycerolipids, 
glycerophospholipids, sterol lipids, prenol lipids and sphingolipids, across three sample sets of milled 
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rice. The choice to use ESI(+) in this study was influenced by the quality of lipidomics data from 
blood serum samples developed previously (Isaac et al., 2011), which showed that glycerolipids such 
as TAGs, which comprise the major fatty acids in rice, can be detected using ESI(+). ESI(-) is 
especially able to ionise FFAs, which were already analysed using GC-MS in Chapter 5. 
Glycerolipids in the form of TAG and DAG, and glycerophospholipids were the most abundant in 
the samples. Correlation analyses between the putatively identified lipid species and the physical 
traits, textural parameters, fatty acids and odour-active volatile compounds in the mapping population 
revealed statistically significant correlations between some of the lipid features and these grain 
quality-associated traits. Glycerophospholipids and glycerolipids emerged as the most discriminating 
putatively identified lipid category for physical traits.  
Lipid species that were significantly different between rice varieties from different amylose classes 
were also observed, providing insights into the relationships between starch and lipids in rice. Strong 
negative correlations were observed between AAC and SB, and the three groups of masses: <400m/z, 
600 m/z and 800 m/z. This trend was reversed for GT, PV, TV and BD. Weak correlations were 
observed for GelCon, FV and HPC. 
Correlation analyses between these lipid species and the odour-active and low-odour threshold 
volatile compounds that are derived from the oxidation of C18:1n-9 and C18:2n-6 revealed 
statistically significantly correlation with several of the lipid species that eluted from 0.8-8.1min. The 
furans were strongly correlated with mainly putatively identified fatty acyls, which are more likely 
FFAs, whereas the S-containing compounds were showed significant relationships mainly with 
glycerophospholipids. 
The presence of significant relationships between lipidomics features and protein content cannot be 
further explained in this study due to the lack of information regarding the amino acid profile of the 
samples. Future research on the interaction between lipids and proteins is required. Future research 
should include the analyses of the lipids in the negative ion mode using the appropriate modifiers to 
ensure precise estimation of lipid abundance in the grain. The use of internal standards in the form of 
isotope-labelled compounds can also increase the confidence in peak alignment and identification. In 
addition, the use tandem MS is highly encouraged in order to increase confidence in metabolite 
identification. Although this chapter has taken a move towards identifying the lipid features in rice, 
much work is needed to uncover the entire lipidome. 
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 General Discussion  
Rice plays a major role in the diet, culture and lifestyle of its consumers who are mainly from the 
Asian subcontinent and in particular, in Cambodia. Since the 1960s, several research were done on 
rice, with the goal of identifying the traits that can both be measured in the lab and assessed by 
consumers, both trained panellists and random consumers. In the breeding area, success has been 
attributed to the use of molecular markers that are linked to the measurable traits and which can be 
used across the rice germplasm pool. However, with the current projects that involve different factors 
in rice growing, it is clear that quality is being unconsciously compromised in the process of achieving 
a certain yield of rice or a certain dream variety that possess all the traits that define a perfect variety. 
This has been done despite the conscious effort of using molecular markers. This thesis was conceived 
with a conscious understanding of the level at which rice grain quality research has reached, therefore 
opening new doors to look at the traits that are rather not obvious, but are actually important. To bring 
in the new traits of quality, this thesis was developed based on a case study that was done in Cambodia 
in 2011. From this survey, important key words were produced and highlighted the essential role that 
rice grain quality plays in the Cambodian rice value chain.  
7.1 Fulfilment of research objectives 
The overarching goals of this thesis are to identify the major quality traits that define premium rice 
variety such as the traditional Cambodian rice Phka Rumduol (PRD); to identify the genetic basis of 
lipid-derived volatile compounds in rice using targeted and untargeted metabolomics; and to explore 
the relationships between lipids and other quality traits. These objectives points towards gaining 
information to inform research towards the assembly of a panel of relevant traits for varietal selection 
in future breeding in Cambodia and rice breeding programs in general. 
Objective 1 which was the identification of the quality profile, particularly grain fragrance, texture 
and physical traits of premium Cambodian Jasmine rice was achieved in Chapter 3. Chapter 3 
reported on the quality profile of popular Cambodian rice varieties. These varieties included both 
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fragrant and non-fragrant rice types. The essence of this chapter focussed on the three major aspects 
of grain quality: (1) grain physical traits, (2) texture, and (3) aroma. From this chapter, it is clear that 
the fragrant varieties, which were identified to produce 2AP, were also soft-textured, long grained 
and have decreased levels of chalkiness in the endosperm. These findings therefore show that the 
selection for fragrant Cambodian rice varieties have been carried out for the varieties with preferable 
physical and textural traits. This chapter therefore showed that the most preferred rice varieties in 
Cambodia are aromatic or with 2AP, are soft-textured or have decreased AAC and increased BD 
values, are translucent and non-chalky and have long, slender grains. In addition to the presence of 
2AP in fragrant varieties, other odour-active volatile compounds that are derived from lipid 
degradation were also characterising these fragrant varieties. Among these volatiles are the C6 and 
C9 aldehydes, and alcohols such as hexanal, 2E-hexenal and 1-hexanol, which are known products 
of the LOX pathway. In conjunction, non-LOX volatiles were also identified as important due to their 
low odour threshold and consistent presence in rice aroma experiments. These compounds are also 
derived from lipid peroxidation or autoxidation. Hexanal is the most important marker for lipid 
peroxidation. The high amounts of hexanal detected in the rice samples compared to the other 
compounds, indicate that there are high amounts of linoleic acid present in the grains. Fatty acid 
analyses showed indeed, linoleic acid was one of the most dominant fatty acid in milled rice grains, 
following oleic acid, which is also an unsaturated fatty acid. The presence of variation in the amounts 
of these fatty acids across the varieties screened provide information that can be used to infer the 
genetic markers that breeders can use to select for these quality traits in their breeding programs. 
Objective 2, which was to identify the QTLs for grain textural traits in a mapping population was 
achieved in Chapter 4. In this chapter, the first QTL mapping study for the texture-associated traits 
of the variety PRD was undertaken using a rice mapping population derived from it and a high AAC 
variety Thmar Krem. QTLs were identified and putative genes that are located near these QTLs were 
shortlisted. Although no gene expression experiments were undertaken, the approximate location on 
rice chromosome 6 of the major genes for the traits AAC, GT and GelCon, were considerable proofs 
of the role of the Wx and SSIIa genes in controlling the expression of these traits. Novel QTLs for 
AAC and TV were identified on chromosome 3, which needs further validation. In addition, the 
presence of QTLs for pasting properties have demonstrated that these traits are largely controlled by 
starch biosynthesis genes, which makes these traits as good indicators of rice texture; however, these 
traits must be measured in parallel with AAC, GT and GelCon, since there are no clear cut 
relationships between these traits. Although this maybe the case, the use of molecular markers would 
still be a better option as it provides more objective identification of a specific textural trait, without 
the need for grains and replicated phenotyping experiments. 
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Objectives 3 and 4, which include the identification of QTLs for odour-active volatiles and fatty acids 
in a rice mapping population as well as understanding the evolution of these odour-active active 
volatile compounds using targeted and untargeted metabolomics, were achieved in Chapter 5. To 
identify the putative genes that are responsible for the aroma of PRD, QTL mapping was conducted 
on the RIL population that has been screened for textural traits. As expected, 2AP and its derivatives 
were largely characterising the fragrant lines based on untargeted metabolomics experiment and 
likewise, the major QTL for fragrance was identified on rice chromosome 8, where BADH2 was 
located. This result provided additional confidence in the subsequent QTLs identified for the other 
aroma-associated volatiles. Volatile compounds that are known to be derived from the oxidation of 
C18:2n-6, hexanal, 2-heptanone, pentanal, 2E-hexenal, 2E-heptenal, 3-octen-2-one, 2E-nonenal, 
2E,4E-nonadienal, 2E-octenal, 2-pentylfuran were all strongly positively correlated with each other 
in addition to being associated with a common QTL on chromosome 6. Meanwhile, C18:1n-9 derived 
volatile compounds such as heptanal, octanal, nonanal were also statistically significantly correlated 
with each other and were associated with two common QTLs on chromosomes 1 and 3. In addition, 
S-containing compounds in the form of DMDS and DMTS, were associated with a common QTL on 
chromosome 6. DMTS, however, was also associated with a QTL on chromosome 5. These two 
compounds, as described by different researchers to exhibit a various range of aroma, are present in 
small amounts in the rice samples in this study. However, because of their low odour threshold, these 
compounds are, most likely than not, are able to affect the overall aroma of a rice variety. PRD 
contains these two compounds, yet it has not been reported (based on sensory evaluation) to exhibit 
undesirable aromas. This is probably because the odour threshold of 2AP is far too low and that it is 
present in concentrations high enough to mask undesirable odours exhibited by compounds like 
DMDS and DMTS. However, for those varieties with less 2AP in the grains, the effect of these S-
containing volatiles might be more apparent and this can be addressed by using molecular markers 
that can select against these compounds. To further investigate the relationship between these 
compounds, future work should include sensory evaluation data and if possibly, gene expression 
experiments. 
Objective 5, which was to determine whether lipids influence the other traits of quality were captured 
in Chapter 6, wherein the lipidome of these several varieties of diverse quality types and the RIL 
population that segregates for aroma and texture were screened using a UPLC-MS/MS (Chapter 6). 
Lipids come in small quantities in milled rice, however, results from this study have shown that there 
are hundreds of lipid species present and that these features are highly correlated with different traits 
of quality. These features could act alone or in the presence of other macromolecules such as starch 
and proteins, regulating biochemical processes that lead to formation of other compounds such as the 
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starch-lipid complex, which have been reported to affect cereal texture and nutritional quality and 
fatty acid oxidation volatile compounds that affect aroma. Lipids based on this study are unique to a 
variety, in such a way that some lipid species are found in significantly higher amounts in some 
varieties compared to others. 
This research has opened several doors for further investigation. In terms of rice aroma, further work 
can be done in both validating the presence and strengths of the QTLs in other genetic backgrounds. 
The lipid-oxidation volatile compounds, which are strongly correlated and are presumably produced 
from most likely than not, a common biochemical pathway, provide a whole new area in measuring 
rice aroma, especially between varieties without 2AP. In terms of texture, lipids showed strong 
statistical relationships between AAC, GT and RVA traits that were strongly related to the amount 
and type of amylose in the grain. Perhaps, a deeper level of starch measurement should be done in 
order to support these claims. Nevertheless, this chapter has proven that there is an inverse 
relationship between the amount of amylose and lipids in rice. Whether or not each AAC class has 
specific lipid profile warrants further research. 
Overall, this research has provided measurable and comparable trait descriptors for the high quality 
Cambodian rice varieties including PRD. Using SNPs, the QTLs and candidate genes including 
known major genes for these traits of quality were identified. With these QTLs, information on the 
suitable molecular markers can be used to select for the quality of PRD. By combining SNPs and 
untargeted metabolite profiling of volatile compounds, novel QTLs were identified for low-odour 
threshold compounds that presumably originate from the oxidation of unsaturated fatty acids. This 
information can be used for future breeding purposes, either to increase the amounts of these 
compounds or avoid their further accumulation in the grain. The lipidomics data have verified that, 
indeed, rice is composed of lipids that are prone to oxidation.  
7.2 Advantages and considerations in untargeted metabolomics 
The use of untargeted metabolomics as an additional phenotyping tool for rice is essential in many 
ways. First, traits that are widely known in the rice community are being validated as a single trait 
and as a composite of a whole. This is exemplified by the verification of the presence of 2AP and its 
derivatives in fragrant rice or the absence of these compounds in non-fragrant rice. Second, new traits 
are identified or putatively identified. With the identification of a series of odour-active aldehydes, 
alcohols and furans among other volatile compounds, this research has demonstrated that untargeted 
metabolomics platforms display a level of sensitivity that provide confidence in quantitative data to 
be used for QTL mapping studies. By reinvestigating what is already known, new information are 
being revealed using untargeted metabolomics.  
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Third, untargeted metabolomics provides phenotypic information for hundreds of metabolites (in the 
case of volatile compounds) in a single injection. This technique saves time in data acquisition for 
large sample sizes. In terms of lipidomics, an overwhelming amount of information from very small 
amount of lipid samples in rice was acquired. This is an unprecedented step in rice grain quality 
research, now that lipids can be seen as phenotypes for quality. However, the bottleneck in this 
technique lies in absence of identity for majority of the lipid features detected. This gap can be 
addressed by using analytical standards and perhaps by using databases that are more informative. 
This study demonstrated confidence in the identification several important volatile compounds by 
comparing the analyte spectra to an analytical standard. Given the fact that this research was not able 
to make use of isotopically-labelled internal standards for the lipidomics experiments due to the large 
sample size being analysed, it is highly recommended to include these standards in future experiments 
in order to increase the confidence in data acquisition. 
There were several challenges encountered in the course of the metabolomics/lipidomics experiments 
– from sample preparation, to machine-related conditioning and data processing. In this study, the 
three most challenging areas that need to be reviewed and improved were: (1) sample preparation, (2) 
data analyses and (3) absolute quantification of metabolites. Because the lipid samples had to be 
extracted from flour of hundreds of rice samples, the entire procedure has been laborious, time-
consuming as well as hazardous due to constant exposure to organic solvents. In terms of data 
analyses, one of the main challenges was handling of high density volatile compounds data and 
lipidomics data acquired over several runs. The presence of within and between batch effects despite 
of applying proper machine conditioning has been a major issue for data analyses. Despite performing 
calibration checks using lock-spray and system conditioning by analysing at least 20 QC samples 
prior to actual lipid samples, apparent shifts in sample calibration were still observed in the lipidomics 
experiment of the mapping population. This study has only provided arbitrary peak areas for the 
volatile compounds that were analysed using the GC×GC-TOF-MS as well as the lipid features 
derived from the UPLC-MS/MS, which means the values that were obtained from these data will be 
difficult to use when comparing with data from other samples. In the future, to address these perceived 
challenges, perhaps sample preparation can be done in multiplex using 48 or 96-well plates instead 
of extracting one sample at a time. This procedure might also reduce the rate of errors in sample 
preparation, and if optimised, can increase throughput and efficiency. To reduce the effect of 
hazardous chemical solvents, less harmful solvents such as hexane can be used instead of chloroform. 
To reduce errors that are most likely to arise in experiments across multiple batches, it is advisable to 
use reliable QCs and solvents. Considering that use of more sophisticated computing resources were 
required to undergo such experiments, the assurance of proper handling of data including correct 
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sample labelling and sufficient data storage must be ensured. Meanwhile, in order to maximise the 
value of metabolomics data, absolute quantification techniques must be incorporated in future 
experiments. This can be achieved by using isotope-labelled standards and calibration curves of 
known compounds would be highly beneficial. Lipidomics data will be more challenging to quantify 
due to the enormous diversity of the lipidome, so perhaps focusing the absolute quantification of the 
most characterising lipid species in rice will create a base for future lipid analyses. Recently, a method 
involving enzyme hydrolysis called absolute quantification analysis of multi-components by use of a 
single marker (AQAMS) was developed to obtain absolute quantification of TAGs in plant oil without 
TAG standards (Tan et al., 2014), therefore, this method can be used for absolute quantification of 
lipid species with the same backbone. 
7.3 Future directions 
The current study characterised a mapping population derived from two Cambodian rice varieties for 
several grain quality traits that are either directly or indirectly related to the established traits that are 
routinely measured in breeding programs. Rice breeding programs mostly aim to combine desirable 
agronomic traits in a background of preferable grain quality. With the breath-taking improvements in 
genotyping technology, the future of trait selection may largely rely on genotype data. It is now 
becoming cheaper to genotype selected lines in a breeding program compared to the costs associated 
with field experiments and phenotyping and breeders have become increasingly more dependent on 
high-throughput genotypic information. Since the genotypic information being used by breeders 
when performing selection is largely limited by the quality of phenotypic data, more emphasis should 
be given on acquiring high quality phenotype data. Therefore good investments in acquiring high 
quality phenotype data is essential. By combining these phenotypes with genotype data, well-
informed selection for these traits of quality will be achieved.  
For future studies, it is essential to ensure that all requirements for metabolomics experiments are in 
place. The success of these experiments can be guaranteed by ensuring that appropriate quality 
assurance (QA) and quality control (QC) procedures are followed (Broadhurst et al., 2018). The use 
of pooled QC samples was adapted in this research, both for the untargeted profiling of volatile 
compounds and lipids. These QC samples have been useful in correcting for rather unavoidable batch 
effects that are known to exist in large, long-term experiments metabolomics experiments. In 
addition, to fully take advantage of these tools in metabolomics for breeding purposes, experimental 
designs that incorporate breeding materials that can be used to answer several biological questions. 
To ensure samples freshness for metabolomics research, factors must be considered, such as; the 
timing related to sample harvest and proper storage and/or shipping must be considered. 
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 Appendices 
This section includes figures and tables that provide additional information to the thesis. Appendix A 
outlines the supplementary tables and figures for Chapter 3. Appendix B and C covers supplementary 
tables and figures for Chapters 4 and 5, whereas Appendix D includes those additional information 
that are linked to Chapter 6 of this thesis. 
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9.1 Appendix A. Supplementary tables and figures for Chapter 3. 
Appendix A-1 List of rice varieties used in Chapter 3. 
No. Variety Name Type Fragrance 
1 Phka Romeat Improved traditional Fragrant 
2 Phka Rumchang Improved traditional Fragrant 
3 Phka Rumchek Improved traditional Fragrant 
4 Phka Rumduol Improved traditional Fragrant 
5 Pkha Rumdeng Improved traditional Fragrant 
6 CAR 1 Improved traditional Non-fragrant 
7 CAR 11 Improved traditional Non-fragrant 
8 CAR 12 Improved traditional Non-fragrant 
9 CAR 13 Improved traditional Non-fragrant 
10 CAR 2 Improved traditional Non-fragrant 
11 CAR 3 Improved traditional Non-fragrant 
12 CAR 4 Improved traditional Non-fragrant 
13 CAR 5 Improved traditional Non-fragrant 
14 CAR 6 Improved traditional Non-fragrant 
15 CAR 7 Improved traditional Non-fragrant 
16 CAR 8 Improved traditional Non-fragrant 
17 CAR 9 Improved traditional Non-fragrant 
18 Glutinous-6 Improved traditional Non-fragrant 
19 IR 66 Improved traditional Non-fragrant 
20 Phka Chan Sen Sar Improved traditional Non-fragrant 
21 Riang Chey Improved traditional Non-fragrant 
22 Sen Pidao Improved Fragrant 
23 Baray Improved Non-fragrant 
24 Chul'sa Improved Non-fragrant 
25 Don Improved Non-fragrant 
26 IR 72 Improved Non-fragrant 
27 IR Kesar Improved Non-fragrant 
28 Khao Tah Petch Improved Non-fragrant 
29 Kru Improved Non-fragrant 
30 Popoul Improved Non-fragrant 
31 Rimke Improved Non-fragrant 
32 Rohat Improved Non-fragrant 
33 Rumpe Improved Non-fragrant 
34 Santepheap 1 Improved Non-fragrant 
35 Santepheap 2 Improved Non-fragrant 
36 Santepheap 3 Improved Non-fragrant 
37 Sarika Improved Non-fragrant 
38 Sita Improved Non-fragrant 
39 Tewada Improved Non-fragrant 
40 Thmar Krem Traditional Non-fragrant 
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Appendix A-2. List of fatty acids used as analytical standards (Supelco) in the targeted profiling of 
fatty acids in rice using solid-phase microextraction-gas chromatography-mass spectrometry, their 
retention time (min) and retention index (RI). 
RT (min) Fatty acid RI 
6.968 C8:0 904 
10.006 C10:0 1020 
11.365 C11:0 1072 
12.587 C12:0 1119 
13.724 C13:0 1164 
14.949 C14:0 1213 
15.498 C14:1n-7 1236 
16.357 C15:0 1272 
18.084 C16:0 1347 
18.678 C16:1n-7 1373 
19.975 C17:0 1433 
20.563 C17:1n-10 1460 
21.799 C18:0 1520 
22.251 C18:1n-9 1542 
22.683 C18:2n-6 1563 
23.631 C18:3n-6 1611 
24.185 C18:3n-3 1640 
25.181 C20:0 1692 
25.603 C20:1n-11 1715 
26.416 C20:2n-11 1760 
26.715 C21:0 1776 
28.158 C22:0 1859 
28.567 C22:1 1882 
29.317 C22:2n-6 1927 
29.509 C23:0 1939 
30.828 C24:0 2020 
31.281 C24:1n-9 2048 
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Appendix A-3. List of volatile compounds used as analytical standards in the untargeted profiling of 
volatile compounds in rice using two-dimensional gas chromatography time-of-flight mass 
spectrometry. 
Standard 
PubChem 
CID 
Manufacturer 
Purity 
(%) 
Retention time (primary column , 
secondary column) (s) 
Hexane 8058 Sigma-Aldrich 95 225.0 , 0.645 
2-Methyl furan 534225 Sigma-Aldrich >99 262.5 , 0.800  
Butanal 261 Sigma-Aldrich 99 267.5 , 0.640 
2,3-Butanedione 650 Sigma-Aldrich 97 275.0 , 1.065 
Heptane 8900 Sigma-Aldrich 99 345.0 , 0.575 
Pentanal 8063 Sigma-Aldrich 97 377.5 , 0.690 
Pyridine 1049 Sigma-Aldrich 99.9 437.5 , 0.915 
Octane 356 Sigma-Aldrich 98 460.0 , 0.550 
1-Pentanol 6276 Sigma-Aldrich 99 470.0 , 0.930 
Hexanal 6184 Sigma-Aldrich 98 497.5 , 0.695 
Pyrrole 8027 Fluka >99 532.5 , 1.480 
2-Methyl-1-pentanol 7745 Sigma-Aldrich 99 555.0 , 1.180 
Nonane 8141 Sigma-Aldrich 98 570.0 , 0.550 
4-Methyl-2-pentanone 7909 Sigma-Aldrich 98.5 582.5 , 0.950 
Furfural 7362 Sigma-Aldrich 99 582.5 , 1.710 
2-Heptanone 8051 Sigma-Aldrich 99 607.5 , 0.710 
Heptanal 8130 Sapphire Biosciences 95 615.0 , 1.710 
2-Acetyl-1-pyrroline 522834 ChemStep 95 647.5 , 1.040 
2-Pentyl furan 19602 Sigma-Aldrich >98 690.5 , 0.690 
1-Heptanol 8129 Sigma-Aldrich >99 695.0 , 0.865 
*6-methyl-5-oxo-2,3,4,5-
tetrahydropyridine   Sigma-Aldrich   705.0 , 1.140 
2-Octanone 8093 Sigma-Aldrich 98 715.0 , 0.710 
Octanal 454 Sigma-Aldrich 99 725.0 , 0.735 
Limonene 440917 Sigma-Aldrich 98 732.5 , 0.655 
2-Octanol 20083 British Drug House 97 737.5 , 0.785 
Undecane 14257 Sigma-Aldrich 99 782.5 , 0.585 
Nonanal 31289 Sigma-Aldrich 98.5 830.0 , 0.795 
2-Acetylpyrrole 14079 Sigma-Aldrich 99 842.5 , 2.370 
Dodecane 8182 Supelco 99.8 877.5 , 0.645 
Tridecane 12388 Sigma-Aldrich 99 975.0 , 0.790 
2-Undecanone 8163 Sigma-Aldrich 99 1005.5 , 1.075 
Tetradecane 12389 Supelco 99.8 1055.0 , 1.020 
Dimethyl trisulfide 19310 Sigma-Aldrich ≥98.5% 707.5 , 1.060 
 
*Synthesised at the School of Chemistry and Molecular Biosciences, The Univeristy of Queensland. 
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Appendix A-4.Volatile compounds detected in the headspace of milled rice grains using two-
dimensional gas chromatography time-of-flight mass spectrometry. M1.p[1] and M1.p[2] are 
coordinates from the loadings plot along PC1 and PC2.  
No. Compound ID Molecular Formula M1.p[1] M1.p[2] 
1 2-Methyl-2-propanol C4H10O 0.0379 -0.0434 
2 2-Methoxy-2-methylpropane C5H12O 0.0289 0.0716 
3 2-Methylpentane C6H14 -0.0138 0.1023 
4 2-Cyclopropylpropane C6H12 0.0367 0.1518 
5 2-Methylpropanal C4H8O 0.0346 0.0714 
6 Methacrolein C4H6O 0.0591 0.1018 
7 n-Hexane C6H14 -0.0316 -0.0910 
8 1-Propanol C3H8O 0.1233 0.1327 
9 2-Methylfuran C5H6O 0.1063 0.0336 
10 Butanal C4H8O 0.0572 0.0563 
11 1,1-Dimethylethyl ester formic acid C5H10O2 0.0424 -0.0305 
12 2,3-Butanedione C4H6O2 0.0627 -0.0034 
13 2-Butanone C4H8O 0.0552 0.0908 
14 2-Butanol C4H10O 0.0670 0.0639 
15 Ethylcyclobutane C6H12 0.0075 0.0505 
16 Cyclohexane C6H12 0.0505 0.0472 
17 2-Methyl-1-propanol C4H10O 0.0841 0.2025 
18 2-Methyl-2-butanol C5H12O 0.0375 -0.0523 
19 Benzene C6H6 0.0259 0.0694 
20 3-Methylbutanal C5H10O 0.0564 0.0521 
21 Analyte 21  0.0634 -0.0966 
22 Isopropylcyclobutane C7H14 0.0983 0.0427 
23 Heptane C7H16 0.1081 0.0226 
24 1-Butanol C4H10O -0.0297 0.1059 
25 2-Ethylfuran C6H8O 0.1640 0.0075 
26 2,4,4-Trimethyl-1-pentene C8H16 0.0353 -0.0383 
27 2-Pentanone C5H10O 0.1355 0.0067 
28 2-Penten-1-ol C5H10O 0.1111 0.0194 
29 1,1,3-Trimethylcyclopentane C8H16 0.0135 -0.0143 
30 Pentanal C5H10O 0.1037 0.0053 
31 Octane C8H18 0.0317 -0.0477 
32 Analyte 32  0.0317 -0.0223 
33 Analyte 33  0.0401 -0.0324 
34 Analyte 34  0.0633 -0.0589 
35 2,2,5,5-Tetramethyltetrahydrofuran C8H16O 0.0278 -0.0565 
36 3-Hydroxy-2-butanone C4H8O2 0.1142 0.1554 
37 Dimethyl disulfide C2H6S2 -0.0150 0.0966 
38 3-Methyl-1-butanol C5H12O 0.0861 0.1075 
39 Analyte 39  0.1216 0.0795 
40 Pyridine C5H5N 0.0436 -0.1254 
41 Toluene C7H8 -0.0078 0.1000 
42 2-Propylfuran C7H10O 0.1673 0.0271 
43 2-Cyclopropylbutane C7H14 0.0411 -0.0526 
44 Analyte 44  0.1198 0.0888 
45 1-Pentanol C5H12O 0.1356 0.0034 
46 Analyte 46  0.0207 0.1054 
47 2-Nonyn-1-ol C9H16O -0.0364 -0.0737 
48 2-Butanone oxime C4H9NO -0.0419 0.1862 
49 2-Hexanone C6H12O 0.1509 -0.0059 
50 Pyrrole C4H5N 0.0985 -0.0078 
51 Hexanal C6H12O 0.1293 -0.0243 
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Appendix A-4. Continued… 
No. Compound ID Molecular Formula M1.p[1] M1.p[2] 
52 4,4-Dimethyl-2-hexene C8H16 0.0325 -0.0579 
53 4-Hexen-1-ol C6H12O 0.1413 -0.0426 
54 Analyte 54  0.0920 -0.0293 
55 Analyte 55   0.0193 -0.0218 
56 2,4-Dimethyl-1-heptene C9H18 0.0475 -0.0515 
57 3-Ethylhexane C8H18 0.0395 -0.0566 
58 2,6-Dimethyl-3-heptene C9H18 0.0251 -0.0639 
59 4-Methyl-1-heptyn-3-ol C8H14O 0.0170 -0.0431 
60 3-Decyne C10H18 0.0197 -0.0106 
61 Ethylbenzene C8H10 0.0340 0.0872 
62 Analyte 62  0.0057 0.0199 
63 4-Nonene C9H18 0.1811 0.1336 
64 p-Xylene C8H10 0.0482 0.0892 
65 Furfural C5H4O2 -0.0173 0.1467 
66 Analyte 66  0.1355 0.0134 
67 2-n-Butylfuran C8H12O 0.1397 0.0053 
68 1-Hexanol C6H14O 0.1231 0.0447 
69 2,4,6-Trimethylheptane C10H22 0.0295 -0.0596 
70 1,3-Dimethylbenzene C8H10 0.0454 0.0945 
71 1,3,5-Bicyclo[4.2.0]octatriene C8H8 0.0164 0.1116 
72 2-Heptanone C7H14O 0.1489 -0.0085 
73 Heptanal C7H14O 0.0856 -0.0090 
74 1-Nonene C9H18 0.0546 -0.0222 
75 Analyte 75  -0.0364 0.1802 
76 Analyte 76  0.3220 -0.1281 
77 Decane C10H22 0.0418 -0.0094 
78 2-Acetyl-1-pyrroline C6H9NO 0.3475 -0.1100 
79 Analyte 79  0.0147 -0.0945 
80 4-Methyl-2-heptanone C8H16O -0.0367 -0.0791 
81 Propyl benzene C9H12 0.0396 0.1563 
82 2-Ethylhexanal C8H16O 0.0178 0.0367 
83 1-Ethyl-3-methylbenzene C9H12 0.0401 0.1084 
84 2-Hexenoic acid, methyl ester C7H12O2 -0.0612 0.3211 
85 2,2-Dimethylhexane C8H18 0.0727 0.0525 
86 α-Pinene C10H16 0.0676 0.0198 
87 Analyte 87  0.0513 -0.0939 
88 2-Pentylfuran C9H14O 0.1226 -0.0125 
89 2-Heptenal C7H12O 0.1054 -0.0508 
90 3,5-Dimethyloctane C10H22 0.0078 -0.1016 
91 α-Methylstyrene C9H10 0.0156 0.0049 
92 1-Heptanol C7H16O 0.0930 0.0380 
93 *6-methyl-5-oxo-2,3,4,5-tetrahydropyridine C6H9NO 0.3237 -0.1022 
94 Dimethyl trisulfide C2H6S3 -0.0557 -0.0074 
95 2,3-Octanedione C8H14O2 0.0669 -0.0459 
96 2-Octen-1-ol C8H16O 0.0779 -0.0008 
97 Benzaldehyde C7H6O 0.0399 0.0041 
98 1,2,3-Trimethylbenzene C9H12 0.0351 0.1092 
99 3-Ethyl-5-methylheptane C10H22 -0.0057 -0.1163 
100 6-Methyl-5-hepten-2-one C8H14O 0.0597 0.0390 
101 3,7-Dimethyl-1-octene C10H20 0.0076 -0.0977 
102 Analyte 102  0.0193 0.0238 
103 Octanal C8H16O 0.0849 -0.0172 
104 Analyte 104  0.0306 -0.0414 
105 Limonene C10H16 0.0708 0.0281 
106 Analyte 106  -0.0187 -0.1197 
107 2,4-Nonadiyne C9H12 0.0366 0.0982 
108 Dodecane C12H26 -0.0036 -0.0945 
109 Analyte 109  -0.0033 -0.1011 
110 2-Ethyl-1-hexanol C8H18O -0.0546 0.0102 
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Appendix A-4. Continued… 
No. Compound ID 
Molecular 
Formula 
M1.p[1] M1.p[2] 
111 2,2,3,3-Tetramethylpentane C9H20 0.0452 0.0195 
112 α-Phellandrene C10H16 0.0919 0.0596 
113 Analyte 113  0.0855 -0.0620 
114 Analyte 114  0.0853 -0.0414 
115 5-Methylundecane C12H26 -0.0039 -0.0408 
116 1-Nonanol C9H20O 0.1008 -0.0534 
117 Analyte 117 C10H18O -0.0226 -0.0328 
118 4-Methylundecane C12H26 -0.0099 -0.1066 
119 Acetophenone C8H8O 0.0437 -0.0012 
120 2,4,6,8-Tetramethyl-1-undecene C15H30 0.0510 0.0381 
121 Nonanal C9H18O 0.0772 -0.0165 
122 Analyte 122  0.0201 -0.0337 
123 1,2,3,4-Tetramethylbenzene C10H14 0.0316 0.1515 
124 o-Cymene C10H14 0.0573 0.1152 
125 Allyl hexadecyl ester oxalic acid C21H38O4 0.0690 -0.0060 
126 3-Methyl heptyl acetate C10H20O2 0.0282 0.0354 
127 5-Tridecene C13H26 0.0119 -0.1227 
128 Tridecane C13H28 0.0066 -0.1050 
129 Tetradecane C14H30 -0.0149 -0.0899 
130 Hexadecane C16H34 0.1175 -0.0774 
131 3-Octene C8H16 0.0012 -0.0122 
132 Analyte 132  0.0123 0.0560 
133 2,3,5,8-Tetramethyldecane C14H30 -0.0255 -0.1208 
134 Naphthalene C10H8 0.0590 -0.0461 
135 Analyte 135  0.0021 0.0656 
136 2,9-Dimethyldecane C12H26 -0.0192 -0.0576 
137 Analyte 137  0.0304 0.0182 
138 3-Tridecene C13H26 -0.0311 -0.0985 
139 2,6,10,14-Tetramethyl-heptadecane C21H44 0.0298 -0.0829 
140 3-Methyltridecane C14H30 0.0308 0.0224 
141 4-Tridecene C13H26 -0.0032 -0.0267 
142 Analyte 142  -0.0477 0.0381 
143 α-ylangene C15H24 0.0070 0.0536 
144 2,6,10-Trimethyldodecane C15H32 -0.0065 0.0243 
145 Isosativene C15H24 -0.0060 0.0453 
146 Allyl pentadecyl ester oxalic acid C20H36O4 -0.0211 0.0459 
147 Analyte 147  0.0223 0.0186 
148 4-Tetradecene C14H28 -0.0214 -0.1067 
149 Aromandendrene C15H24 0.0088 0.0628 
150 β-Caryophyllene C15H24 0.0230 0.0403 
151 2-Butyl-1-octanol C12H26O -0.0371 -0.0353 
152 Undecane C11H24 -0.0206 -0.0591 
153 Analyte 153  0.0335 -0.0776 
154 Analyte 154  0.0261 -0.0555 
155 Analyte 155  0.0163 0.0853 
156 Analyte 156  0.0025 0.1226 
157 2,6-Dimethylheptadecane C19H40 -0.0281 -0.1129 
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Appendix A-5. Box and whiskers plots of the peak area of nitrogen-containing volatile compounds: 
(a) 2-acetyl-1-pyrroline (2AP), (b) Pyrrole, (c) 6-methyl-5-oxo-2,3,4,5-tetrahydropyridine 
(6M5OTP). Means of triplicate measurements were analysed using one-way ANOVA and post-hoc is 
Tukey’s HSD. Blue triangle (▲) indicates the mean whereas the black line (▬) indicates the median. 
The same letter above box plots indicates that there is no significant difference between haplotypes 
at P=0.05.  
a) 
b) 
c) 
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9.2 Appendix B. Supplementary tables and figures for Chapter 4. 
Appendix B-1 List of rice varieties analysed for rice textural properties, their country of origin, Wx SNP haplotype number and CT score (CT#). 
ACCESSION 
NO. 
ORIGIN HAPLOTYPE 
CT 
# 
ACCESSION 
NO. 
ORIGIN HAPLOTYPE 
CT 
# 
ACCESSION 
NO. 
ORIGIN HAPLOTYPE CT # 
70250 CHN 1 8 14957 LBR 4 11 66806 BGD 4 17 
65317 TWN 2 8 40982 IND 4 11 73123 PAK 4 17 
41001 IND 4 8 79461 MDG 4 11 53378 USA 5 17 
59591 CHN 1 10 11099 IND 5 11 64934 BTN 5 17 
59990 CHN 1 10 26744 BGD 5 11 66237 IRN 5 17 
65746 AUS 1 10 50950 SLB 5 11 66329 GUY 5 17 
73974 CHN 1 10 70471 CHN 5 11 44583 PHL 1 18 
12469 IND 2 10 73958 CHN 5 11 3079 EGY 2 18 
14725 CIV 2 10 14694 KEN 3 14 3135 ITA 2 18 
21727 IND 2 10 48803 IDN 4 14 3266 ARG 2 18 
43048 IND 2 10 69977 MDG 5 14 5394 JPN 2 18 
55785 MDG 2 10 80950 CHN 5 14 10283 SLV 2 18 
65727 ITA 2 10 1154 CHN 1 17 19295 COL 2 18 
78270 THA 2 10 2540 JPN 1 17 38541 USA 2 18 
26276 PHL 3 10 6550 BGD 1 17 58286 AFG 2 18 
43343 IDN 3 10 19451 PHL 1 17 21348 IND 3 18 
10214 VNM 4 10 23385 LAO 1 17 28320 PAK 3 18 
10969 MDG 4 10 27435 IDN 1 17 8908 LKA 4 18 
15303 LKA 4 10 3750 IND 2 17 63599 CHN 4 18 
21074 IND 4 10 4105 JAM 2 17 69945 MDG 4 18 
63736 CHN 4 10 5508 TWN 2 17 11342 JPN 2 19 
71552 MYS 4 10 7409 JPN 2 17 12380 IND 2 19 
119 TWN 5 10 8269 TWN 2 17 15073 ZAR 2 19 
611 IDN 5 10 11108 COL 2 17 19907 PHL 2 19 
732 PHL 5 10 50923 BRA 2 17 56017 ITA 2 19 
5805 MWI 5 10 59244 NPL 2 17 65309 TWN 2 19 
8242 TWN 5 10 63102 NGA 2 17 46595 IND 3 19 
10320 PHL 5 10 10661 DOM 3 17 99706 PHL 3 19 
50649 GTM 5 10 22060 IND 3 17 46459 IND 4 19 
63098 LKA 5 10 35274 IDN 3 17 69973 MDG 5 19 
65097 TWN 5 10 59499 CHN 3 17 49094 BGD 2 20 
67544 GHA 5 10 68417 SUR 3 17 393 SUR 3 20 
70215 CHN 5 10 30467 LBR 4 17 13758 IND 3 20 
70065 CHN 1 11 47151 PHL 4 17 44076 MYS 3 20 
77653 KOR 1 11 61074 IND 4 17 46907 IND 5 20 
44685 PHL 3 11 66787 BGD 4 17     
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Appendix B-2. Box plots of cooked rice textural parameters: (a) Hardness, (b) Adhesiveness, (c) 
Springiness, and (d) Cohesiveness. Hardness was analysed using one-way ANOVA and post-hoc is 
HSD; Cohesiveness was analysed using Welch’s ANOVA and post-hoc is Games-Howell test. 
Adhesiveness and Springiness were compared by post-hoc Mann-Whitney tests with Bonferroni 
correction after significant effects attributed to Wx SNP haplotype via Kruskal Wallis tests. The same 
letter above box plots indicates that there is no significant difference between haplotypes at P=0.05.  
  
a) b) 
c) d) 
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Appendix B-3. Physical traits of two Cambodian rice varieties Phka Rumduol (PRD) and Thmar 
Krem (TMK) and their 366 F6 recombinant-inbred lines (RIL) harvested during the wet season of 
2014 at the Cambodian Agricultural Research and Development Institute. 
 
n = number of samples 
  
Trait 
PRD TMK RIL (n=366) 
Mean±SD (n=3) Mean SD Min Median Max Skewness Kurtosis 
GL 6.82±0.15 5.51±0.05 6.32 0.36 5.31 6.34 7.01 -0.67 0.24 
GW 1.99±0.03 2.11±0.11 2.01 0.13 1.74 2.01 2.33 0.20 -0.46 
Chalk 11.50±9.19 24.00±1.41 22.26 18.14 0.00 17.00 78.00 0.88 -0.07 
Chalk_0-10 65.45±21.3 9.25±0.07 42.26 32.88 0.00 41.20 99.10 0.16 -1.45 
Chalk_10-25 19.15±4.88 66.60±6.79 25.43 16.69 0.00 23.90 80.10 0.64 0.10 
Chalk_25-50 8.35±9.55 12.20±7.21 11.74 11.47 0.00 8.10 54.90 1.12 0.60 
Chalk_50-75 4.45±4.17 11.150±0.49 13.51 16.02 0.00 5.90 71.40 1.47 1.38 
Chalk_>75 0.70±0.99 2.60±2.69 7.06 13.86 0.00 2.10 89.40 3.60 15.22 
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Appendix B-4. Putative candidate genes that associate with the quantitative trait loci detected 
through composite interval mapping for cooking and eating quality of 312 F6 recombinant inbred 
lines derived from the cross of Phka Rumduol×Thmar Krem. 
*Chr QTL name QTL Position 
(Mbp) 
Gene Description Location, 
bp 
3 qAAC3.1s, qTV3.1s 29.21 - 29.83 - - -  
qGT3.1s 4.22 LOC_Os03g08300  glycosyl transferase, group 
1 domain containing 
protein 
4228468 - 
4223430 
4 qGT4.1s, 
qPKT4.1s, 
qPTM4.1s, 
qHPC4.1s 
10.93 LOC_Os04g17650  sucrose synthase, putative, 
expressed 
9667057 - 
9661934 
 qGT4.2s 17.91 LOC_Os04g24430  sucrose synthase, putative, 
expressed 
14008245 - 
14013440 
 qTV4.1s 21.34    
 qPV4.1s 24.86    
 qFV4.1s 24.86 LOC_Os04g53310  soluble starch synthase 3, 
chloroplast precursor, 
putative, expressed 
31759581 - 
31750955 
6 qAAC6.1s, 
qPV6.1s, qTV6.1s, 
qBD6.1s, qSB6.1s, 
qHPC6.1s 
1.50 LOC_Os06g04200 starch synthase; GBSS1; 
Os06g0133000 (GBSS; 
synthesis of amylose in 
endosperm) 
1766194 - 
1770656 
 
qFV6.1s, qGC6.2s, 
qHPC6.2s 
5.71 LOC_Os06g09450  sucrose synthase, putative, 
expressed 
4802437 - 
4796286    
LOC_Os06g06560  starch synthase, putative, 
expressed 
3086808 - 
3079059  
qGC6.1s, 
qPKT6.1s, 
qPTM6.1s, 
qGT6.1s, qPV6.2s, 
qBD6.2s 
6.98 - 7.26 LOC_Os06g12450  soluble starch synthase 2-
3, chloroplast precursor 
6748358 - 
6753338 
 
qGT6.2s, 
qPTM6.2s 
16.94 - 19.26 LOC_Os06g26234 1,4-alpha-glucan-
branching enzyme, 
putative, expressed 
15335687 - 
15365531 
 
qFV6.2s, 
qHPC6.3s 
24.2 - 26.57 LOC_Os06g43630 sucrose-phosphate 
synthase, putative, 
expressed 
26250269 - 
26242005 
7 qGT7.1s, 
qPTM7.1s 
18.40 
   
 
qGC7.1s, qTV7.1s 20.51 - 22.09 
   
8 qAAC8.1s, 
qPV8.1s,qTV8.2s, 
qBD8.1s, qSB8.1s 
20.54 LOC_Os08g25734 glucose-1-phosphate 
adenylyltransferase large 
subunit, chloroplast 
precursor 
15671051 - 
15666201 
   LOC_Os08g31980  trehalose-6-phosphate 
synthase 
19836087 - 
19830328 
 qHPC8.1s, 
qFV8.1s 
4.51 LOC_Os08g09230  starch synthase III, 
putative, expressed; highly 
expressed in the 
endosperm 
5352105 - 
5363367 
12 qTV12.1s, 
qPKT12.1s 
24.09 LOC_Os12g38930 glycosyl transferase 8 
domain containing protein, 
putative, expressed 
23941423 - 
23935881 
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9.3 Appendix C. Supplementary tables and figures for Chapter 5. 
 
 
Appendix C-1. (a) Representative chromatograms of volatile compounds in milled rice samples of 
fragrant rice PRD and non-fragrant rice TMK; and (b) representative contour plot of volatile 
compounds from pooled samples rice samples. Data were acquired from two-dimensional gas 
chromatography time-of-flight mass spectrometry. 
 
 
a) 
 
 
b) 
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Appendix C-2. Frequency distributions of percentage (%) composition fatty acids in 197 
F6 recombinant-inbred lines derived from the cross between Phka Rumduol×Thmar 
Krem: (a) C16:0, (b) C18:0, (c) C18:1n-9 and (d) C18:2n-6. 
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Appendix C-3. Manhattan plots of association results from a generalised linear model for fatty acid composition 
across 197 F6 progenies derived from the cross of Phka Rumduol×Thmar Krem. Negative log10-transformed P 
values from the generalised linear model analysis are plotted against the genomic physical position. Manhattan 
plots presented are for the following fatty acids: a) C16:0, b) C18:0, c) C18:1n-9 and d) C18:2n-6. 
a) 
b) 
b) 
c) 
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Appendix C-4. Manhattan plots on chromosomes (a) 1, (b) 2 and (c) 6 showing associations between 
756 SNP markers and four nitrogen-containing compounds 2-acetyl-1-pyrroline (2AP), pyrrole, 2-
acetylpyrrole and 6-methyl-5-oxo-2,3,4,5-tetrahydropyridine (6M5OTP) across 197 F6 progenies 
derived from the cross of Phka Rumduol×Thmar Krem. Negative log10-transformed P values from 
the generalised linear model analysis are plotted against the genomic physical position. 
 
Chromosome 6 
Chromosome 1 
Chromosome 2 
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Appendix C-5. Candidate genes for volatile compounds and fatty acid composition in the rice mapping population. 
Metabolite Chr QTL peak (Mbp) Loci Coordinates in bp (5'-3') Enzymes 
2-Acetyl-1-pyrroline, 6M5OTP 1 20.19 LOC_Os01g37960 21,270,839 - 21,265,644 amidohydrolase 
Pyrrole, 2-Acetyl-1-pyrrole     LOC_Os01g38229 21,414,995 - 21,441,446 peptidyl-prolyl isomerase 
 2 21.9 LOC_Os02g37090 22,426,234 - 22,428,905 hydrolase, alpha/beta fold family domain containing protein 
 6 5.34 LOC_Os06g15990 9,091,016 - 9,096,679 aldehyde dehydrogenase 
     LOC_Os06g10420 5,356,979 - 5,358,952 N-carbomoylputrescine amidohydrolase (nitrilase) 
    LOC_Os06g10280 5,276,590 - 5,285,926 CDP-alcohol phosphatidyltransferase 
  27.90 LOC_Os06g46372 28,139,175 - 28,142,555 dehydrogenase, putative, expressed 
  8 20.54 *LOC_Os08g32870 20,379,794 - 20,386,061 aldehyde dehydrogenase 
Heptanal, Octanal, Nonanal, 1-
Decene 1 
7.92 - 11.16 
LOC_Os01g14080 7,882,632 - 7,879,931 lipase class 3 family protein 
    LOC_Os01g14900 8,347,893 - 8,351,006 glycerol-3-phosphate acyltransferase 
    LOC_Os01g15000 8,404,247 - 8,408,377 lipase, putative, expressed 
    LOC_Os01g15120 8,486,472 - 8,489,700 hydrolase, alpha/beta fold family domain containing protein 
Heptanal, Octanal, Nonanal 3 12.01 LOC_Os03g21680 12374208 - 12380278 phospholipid-transporting ATPase 
   LOC_Os03g21040 11959777 - 11957261 stress responsive protein, putative, expressed 
2E-Octenal, 2E-Nonenal 6 1.5 - 2.03 LOC_Os06g03830 1539028 - 1542212 oxidoreductase short chain dehydrogenase/reductase family 
2E,4E-Nonadienal, Hexanal    LOC_Os06g03990 1629717 - 1633629 aminotransferase, classes I and II, domain containing protein 
Pentanal, 1-Pentanol    LOC_Os06g03910 1577176 - 1574484 hydrolase, NUDIX family, domain containing protein 
1-Hexanol, 1-Heptanol, 1-
Octanol   
 
LOC_Os06g03890 
1565577 - 1566225 
alpha-L-fucosidase 3 precursor 
2-Heptanone, 3-Octen-2-one    LOC_Os06g04420 1894306 - 1893929  putative lipoxygenase  
2-n-Butyl furan, 2-Pentyl furan          
DMTS, DMDS 6 2.13 LOC_Os06g04650 2030306 - 2028118 peptide methionine sulfoxide reductase 
   LOC_Os06g05690 2574177 - 2576722 cysteine synthase, chloroplast/chromoplast precursor 
   LOC_Os06g05700 2579088 - 2581726 cysteine synthase 
   LOC_Os06g07860 3823021 - 3827411 cystathionine gamma-synthase 
      
DMTS 5 27.84 LOC_Os05g49070 28133217 - 28131776 dehydrogenase, putative, expressed 
   LOC_Os05g50090 28708523 - 28705905 oxidoreductase, 2OG-FeII oxygenase domain containing protein 
   LOC_Os05g33510 19681732 - 19684599 peptide methionine sulfoxide reductase 
C16:1n-7, C18:0 3 29.26 - 34.92 LOC_Os03g52570 30153564 - 30151748 glycerol-3-phosphate acyltransferase 
   LOC_Os03g61720 34985196 - 34990759 glycerol-3-phosphate acyltransferase 
C16:0, C18:3n-3 6 2.026 - 3.72 LOC_Os06g05550 2515760 - 2517940 GDSL-like lipase/acylhydrolase 
   LOC_Os06g04660 2030467 - 2034813 oxidoreductase, 2OG-Fe oxygenase family protein 
C14:0, C16:1n-7 7 21.34 - 23.79 LOC_Os07g34730 20812544 - 20808033 acyltransferase  
C18:1n-9, C18:2n-6   LOC_Os07g37580 22513093 - 22518756  diacylglycerol kinase (DGK) 
    LOC_Os07g37840 22694492 - 22693157 lipase 
   LOC_Os07g39740 23816459 - 23814135  GDSL-like lipase/acylhydrolase 
   LOC_Os07g23410 13201060-13206929 omega-6 fatty acid desaturase 
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9.4 Appendix D. Supplementary tables and figures for Chapter 6. 
Appendix D-1. Analytical standards (Avanti Polar lipids, Inc.) used in the untargeted profiling of 
lipids in milled rice using ultra performance liquid chromatography-tandem mass spectrometry, their 
original mass and mass after additional of adducts (H, NH4, Na and K). 
Name Formula 
Mass 
(g/mol) 
H NH4 Na K 
m/z 
18:1/16:0/18:1 TG C55H102O6 859.395 860.395 877.039 882.385 898.493 
18:0-16:0 DG C37H72O5 596.538 597.538 614.578 619.528 635.638 
18:0(2R-OH) Ceramide C36H71NO4 581.538 582.538 599.578 604.528 620.638 
18:0-18:2 Phosphoserine C42H77NO10P 810.030 811.030 828.070 833.020 849.130 
16:0-18:0 Phosphocoline C42H84NO8P 762.100 763.100 780.140 785.090 801.200 
16:0-18:1 Phosphoethanolamine C39H76NO8P 717.531 719.010 736.050 741.000 757.110 
 
 
Appendix D-2.1 One-way ANOVA of protein content in in 100 mg of rice flour derived from four rice 
varieties. 
Variety (n=15) 
Protein Content 
(%) 
SD 
Langi 9.167 a 0.980 
Topaz 8.834 a 0.880 
Reiziq 8.714 a 0.786 
Sherpa 7.679 b 0.724 
n = number of samples 
SD = standard deviation 
 
Appendix D-2.2 One-way ANOVA of protein content in 100 mg of rice flour derived from varieties 
grown under five different nitrogen levels (0, 60, 120, 180 and 240 kg.ha-1). 
Nitrogen, kg.ha-1 
(n=12) 
Protein Content 
(%) 
SD 
0 7.663 a 0.676 
60 8.630 a 1.082 
120 8.488 ab 0.972 
180 8.882 b 0.579 
240 9.372 b 0.909 
n = number of samples 
SD = standard deviation 
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Fatty acyl 
Glycerophospholipid 
Glycerolipid 
Prenol 
Sphingolipid 
Sterol 
Appendix D-3. Representative lipid structures for the lipid categories that were putatively 
identified in the rice samples. Lipid categories presented by Fahy et al. (2009). 
